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Abstract

Development of manipulators that interact closely with humans has been a focus of
research 1n fields such as robot-assisted surgery The recent introduction of powered
surgical-assistant devices into the operating theatre has meant that modified industrial
robot manipulators have been requuired to mnteract with both patient and surgeon

Some of these robots require the surgeon to grasp the end-effector and apply a force
while the jomnt actuators provide resistance to motion In the operating theatre, the use
of high-powered mechanisms to perform these tasks could compromise the safety of

the patient, surgeon, and operating room staff.

In this investigation, a two degree-of-freedom (2-DOF) manipulator s designed for
the purpose of following a pre-defined path under the direct control of the surgeon In
order to ensure safety and accuracy a novel application of non-backdniveable joint
mechanism based upon a worm-wheel and worm gears 1s presented The two motor-
driven worm gears of each joint are controlled using state-of-the-art control methods

Namely, computed-torque and composite adaptive controllers are used in conjunction
with a mathematical model of the joint mechanism to minimise backlash and regulate
joint position Simulation and experimental results show that for a 1-DOF system
Joint error was controlled to be less than £0 001 5rads using both control schemes For
the 2-DOF system, the end-effector can only be constrained to remain along the path
(to within +3mm) with a computed-torque controller despite the large effects of
unmodelled dynamics such as joint flexibility The composite adaptive controller was
not shown to be robust in the face of large system flexibility and was unable to
regulate cnd-effector position with the same accuracy as the computed-torque

controller

An m-depth analysis of the motion of the 2-DOF planar mampulator highlights the
need to show the user how to apply a force to the control handle in order to

accomplish the desired task. A control handle 1s presented that incorporates a

pointing device for this purpose
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Notation

The following notation is used throughout this thes:s

Position of centre of mass of link »

=

B Torque conversion matrix

B Element y of B

C Manipulator viscous damping matrix

C, Element 4 of C

C, Referred manipulator viscous damping matrix from worm
mechanisms

C, Element y of C,

C, Equivalent viscous friction coefficient of ai-worm system

C, Equivalent viscous friction coefficient of B-worm system

C, Equivalent viscous friction coefficient of worm-wheel system

C. Viscous friction coefficient of a-worm system

C, Viscous friction coefficient of B-worm system

C, Viscous friction coefficient of worm-wheel system

E Joint error vector

e, Jont error of link »

F,, Reaction force at interface between o-worm and worm wheel

F, Reaction force at interface between B-worm and worm wheel

F, Coulombic friction force between a-worm and worm wheel

F, Coulombic friction force between B-worm and worm wheel

F, Applied user-input force

Fo User-input force at which maximum end-effector speed 1s
reached

Fn Minimum user-input force required to generate motion

F ,F, Components of F, in x and y directions

F, Acceleration force along the desired path

-

Components of F, in x and y directions

Equivalent force generated by torque from motors
Manipulator arm Jacobian matrix

Mass moment of inertia about centre of mass of link »

&&= m o,
<

§

Jron System mertia with respect to a-motor torque |
I System inertia with respect to f-motor torque
J Inertia of the o-worm and motor
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Inertia of the p-worm and motor
Residual interia of link »

Denivative, integral, and proportional controller gamns for o-
unwinding

Derivative, 1ntegral, and proportional controller gains for B-
unwinding

Composite adaptive controller gain for e and B-unwinding

Length of Iink »

Mass of link »

Manipulator 1nertia matrx

Referred inertia matrix from worm mechanisms
Equivalent mass of J,

Equivalent mass of J,

Residual inertia matrix

Equivalent mass of J,

Desired end-effector path in Cartesian co-ordinates
Parameter estimate gain matrix for o and -unwinding
Joint space representation of Cartesian path

Vector of joint positions

Vector of desired joint positions

Filtered tracking error vector

Filtered tracking error of joint »
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Actuator torque vector

Matrix of Conohs and Centrifugal terms

Regression matrix for o and B unwinding control of joint »
Filtered regression matrix of joint »

Cartesian position and equivalent linear displacement of o-worm
Cartesian position and equivalent linear displacement of B-worm
Regression matrix for filtered tracking error system of joint »
Equivalent linear displacement of worm wheel

Worm lead-angle of jomnt »

Friction constant for joint »

Position of joint »

Desired position of joint #

Coefficient of dynamic friction of o and  worms of joint »
Coefficient of static friction of a and p worms of joint »

Joint actuator torque vector

Vector of joint torques obtatned from strain gauges measurements
Measured torques of jomnt #
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Vector of torque disturbances
Torque disturbance of joint »
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motor torque respectively
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Vector of system parameters for joint »
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Chapter I Introduction

1.1. Background

Development of mampulators that interact closely with humans 1s increasingly a focus
of research 1n fields such as robot-assisted surgery and haptic interfaces as there 1s a
growing demand for robotic devices that directly interact with humans in these two
fields In particular, robotic devices have been introduced 1nto the operating theatre to
help the surgeon perform intricate invasive procedures with a higher degree of
accuracy and reliability than would otherwise be possible with more traditional

methods.

A wide variety of operations have benefited from the introduction of a robotic
assistant For example orthopaedic, neurological, cardiac, and cosmetic surgical
procedures have all been enhanced by robotic assistance However, many of the
robotic devices currently in use are based on modified industrial manipulators and
have typically been designed for high-speed, high-torque applications The accuracy
of such devices 1s unsurpassed but 1n the operating theatre, the use of high-powered
mechanisms to perform these tasks has the potential to compromise safety of the

patient, surgeon, and operating room staff.

Alternatives to these high powered robots have included custom built passive arms
with dynamic constraints, which are unable to generate motion of their own These
systems require the surgeon to grasp a control handle mounted on or near the robot
end-effector and provide the motive force Computer controlled clutches or brakes
limit the range of motion of the end-effector to constrain the tool to remain within a
pre-defined safe working region Although current devices have proved relatively
successful in accomplishing this task, they have only had limited success 1n
constraining the tool to remain along a pre-defined path as may be required by more
complex machining processes such as bone milling and dnlling involved in modern

surgical procedures
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1.2. Aims of the Research

This research aims to address the 1ssue of safety By critically reviewing current
developments 1n the field of surgical assistant devices 1t 1s possible to identify
solutions to current difficulties in the areas of safety and control. Following the
identification of these 1ssues 1t has been possible to design a prototype device which
could aid the surgeon i performing the Total Knee Replacement (TKR) procedure.
The device and 1ts associated control system demonstrate that the operation could be

performed with greater accuracy and safety than ts possible using traditional methods

In the remainder of this chapter the TKR procedure 1s described This is a typical
orthopaedic procedure, which has been addressed a number of times with regard to
robotic/mechatronic assistance Shortfalls with current manual techniques are
highlighted in order to 1illustrate the reasons why robotic devices are the preferred
solution The chapter concludes with a statement of the objectives of the research and

the structural outline of this thesis

1.3. Total Knee Replacement Surgery

Total Knee Replacement (TKR) surgery is a procedure i which the surgeon 1s
required to cut a series of plane profiles mnto the surface of the tibia and femur n such
a way that a prosthetic knee joint may be fitted. Accurate alignment and position of
the prosthetic components is crucial to the success of the operation, 1 ¢ painless and
mproved leg-motion for the patient. Misalignment or poor fitting of the prosthesis

can also reduce the longevity of the replacement joint

Dunng TKR one of the common methods for orientation of the prosthesis components
1s to use jownt-line theory [1]. Joint-line theory tries to ensure that after surgery the
femur and tibia are aligned along the mechanical axis (a straight line that passes
through the head of the femur, the centre of the knee, and the centre of the ankle), as
shown in Figure 1 Some surgeons favour this method because of cruciate retention
In particular the Posterior Cruciate Ligament (PCL) is important to the stability of the

knee and absorbs stress that might otherwise be transmuitted to the bone interface
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Figure 1 — Mechanical axis of right leg
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Aside from the procedure required to gain access to the knee joint, the operation can
be split into two parts preparation of the femur for fiting of the femoral prosthesis,
and preparation of the tibia for 1ts associated component. The procedure for fitting the
femoral component is shown n Figure 2. Firstly, the surgeon must dnll a hole into
the medullar cavity from the distal end of the femur, Figure 2a Figure 2b shows that
an intermedullary rod 1s mnserted through the hole into the diaphyseal cawity, ie
inside the shaft of the femur. The distal cutting jig is mounted on the rod
perpendicular to the mechanical axis Once the surgeon is satisfied that the jig has
been aligned correctly, 1t 1s fixed 1n place with two Steinmann pins The distal
reference cut 1s then made using an oscillating saw, Figure 2¢c  This cut does not fix
the posttion of the prosthesis; it generates a reference plane perpendicular to the
mechanical axis from which all subsequent cuts will be made It 1s at this point that
the size of the prosthesis 1s selected and the surgeon aligns the appropriately sized
chamfer-cutting jig m the correct position. Subsequently, the two anterior and two
posterior chamfer cuts are made as shown in Figure 2d The surgeon may also be
required to mull small channels or drll holes for the locating features at the
bone/prosthesis interface. The methods used to locate the prosthesis differ depending
upon the manufacturer In Figure 2e the femoral component 1s shown as having a
smgle locating pin  In this case the surgeon would be required to drll a hole 1n the

correct location, only then can the prosthesis be fitted



| Introduction

Saw Guide

Femur shaft
axis )
%:}.\ 1P

\ o
Mechamcal——\Lg D

axis \

Steinmann \ Dustal

pint ‘:\:)A_I ’/ Cutting g gz::ved
—

w Intramedullary

rod

(@ (b) ©)

__‘:J
(=]
3
— ‘\ Chamfer \ Femoral

Cuttin Prosthetic
1 hig ’ Component
Removed —%____»Y /
Bone

— . D Q =
Removeﬁ—/ - Locating
R —

Bone B 4 Pin
A

(d) (e)

Figure 2 — Total Knee Replacement (TKR) bone removal and procedure for

fitting the femoral prosthetic component

For placement of the tibial component, one plane surface cut 1s required An external
clamp 1s used to fix the distal end of an alignment rod to the centre of the ankle The
cutting jig 15 mounted at the proximal end and aligned to be perpendicular to the
mechanical axis as shown 1in Figure 3a. Before the prosthesis can be fitted, the
surgeon is required to mill the mating surface of the bone to accommodate the

location profile of the prosthests, Figure 3b.
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The above description of the TKR procedure is from the general point of view of bone
removal Issues concerned with preparing the joint for these procedures have not
been detailed The method 1s described with reference to the P.F C® Sigma Knee
System from Johnson & Johnson Orthopaedic [2], which typifies in general the bone
profiling requirement of TKR surgery

1.4. Shortfalls of current procedures

The TKR procedure is made particularly difficult because of the jigs/templates and
tools that the surgeon 1s required to use Current methods used to place the new joint

make misahgnment of the prosthesis a common problem [3]. Poor jig-alignment 1s a
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common problem and 1s compounded by the fact that accurate positioning of each
subsequent j1g is dependent upon the position of previous templates. It can be seen
that 1n the case of Figure 2 above, the position and orientation of the chamfer cutting
jig (Figure 2d) is wholly dependent upon the placement of the distal cutting template
(Figure 2b)

Another critical aspect of the success of a TKR procedure is that of surface quality of
the final cuts This is particularly important in the implant of a cementless prosthetic
component, where the bone 1s required to grow into the prosthesis 1n order to help
maintamn 1ts position A very common problem during the removal of bone 1s that
even with jgs as a guide, the thin saw deflects away from the bone during cutting as

illustrated in Figure 4

Saw blade Actual cut

—

Desired cut

RN

Cutting guide

Figure 4 - Deviation of saw from cutting path

One solution to the problem of surface roughness and naccuracy caused by the
oscillating saw has been the introduction of milling tools However, hand-held
milling tools are very difficult to use because of the way in which the cutting force 1s
transferred to the user. Even with jigs and guides the milling tool can ‘bite’ into the
bone causing the surgeon's hand to be suddenly jolted. This can cause irreparable

damage to the bone and surrounding tissue  Therefore, in order to increase the
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accuracy with which the operation is performed robotic devices with milling tools

mounted on the end-effector have been an attractive solution to these problems.

1.5. Organisation of the thesis

The review of the literature in robotic assistance in surgery 1s presented in Chapter 2
In this chapter, the current state of the art, both in terms of the solutions currently
being developed and the procedures that are performed using existing devices, 1s
illustrated. The review addresses the 1ssue of safety of the patient, surgeon, and
operating room staff, as well as the classification of the surgical assistant devices
Three passive robotic devices are identified in order to address the issue of safety
The chapter is concluded by a discussion on the hmutations of the current state of the

art and 1dentification of the goals of this research

In Chapter 3, three passive trajectory-enhancing robots are discussed in detall The
chapter aims to highlight current problems with the control and implementation of
these devices. A mathematical analysis of a 2-DOF, revolute joint robot 1s performed
1n order to identify a solution to the problem of controlling the actuators to force the

end-effector to remain along a pre-planned path.

Chapter 4 represents the design and development of the original concept into a 2-DOF
manipulator This is followed by a description of the electronic hardware and
software in Chapter 5, which describes a mechatronic workstation that was developed
as part of this research. The Personal-Computer (PC) based control system, running
the QNX Real-Time Operating System (RTOS), is aimed at providing a platform for

the rapid-prototyping of control algorithms and strategies for mechatronic systems.

In Chapter 6 the mathematical model of the joint mechanism 1s presented Derivation
of an accurate mathematical model enables the development of two types of control
algorithms that are able to cancel backlash and regulate joint position A computed-
torque controller is developed in Chapter 7 and a composite adaptive controller 1s

developed in Chapter 8 Both controllers are shown to accurately regulate position
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and cancel backlash despite the large friction forces inherent in the system. The two

control algorithms and their results for a 1-DOF are discussed in Chapter 8

In Chapter 9, the mathematical model of a single joint 1s used to develop the dynamic
equations for a 2-DOF manipulator. The control strategy for the 2-DOF system 1s
presented mn Chapter 10 for a computed-torque controller and 1n Chapter 11 for the

composite adaptive controller

The conclusions of the research are stated in Chapter 12 followed by

recommendations for future work in Chapter 13.




Chapter 2 Literature Survey

2.1, Introduction

The current state of the art of robotic devices designed to assist 1n surgical procedures
is presented in this chapter. Firstly, the issue of safety 1s addressed. This is followed
by a discussion on the classification of robotic assistant devices Literature describing
several devices relevant to thits research 1s presented and crtically reviewed.
Furthermore, two haptic displays, used for providing tactile feedback to human

operators, are reviewed because of therr relevance to this work.

2.2, Safety Issues

Most of the robotic devices that are currently used to aid surgeons in performing
operational tasks have been based on modified industrial manipulators. Industrial
robots have typically been designed for high speed/high torque applications makmg
them an inappropnate choice for use in the surgical environment without the

introduction of complex safety strategies

The manufacturers of industrial robot systems generally recommend that the
manipulator be enclosed in its own cell thus protecting the human workers from the
threat of injury by means of an interlocked safeguarding boundary [4]. The institution
of such safety measures 1s not feasible for surgical applications However, other
issues on safety can be ported from existing industrial standards although the concerns
about the reliability of these practices are augmented To this end, a number of papers
have been written in an attempt to address the 1ssues of introducing a robot into this

safety-critical environment

Taylor et al [5, 6] descnibe the safety procedures implemented on the Total Hip
Replacement (THR) system named ROBODOC which uses a modified industnal
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mampulator to mill a cavity for the mmplant of a cementless prosthetic hip They

defined four safety requirements for a surgical robotic system. These are.

The robot should never lose control of its motions.
The robot should never exert excessive force on the patient

The robot’s cutter should stay within a predefined workspace

BowoN

The surgeon should be in complete control of the robot’s actions at all times

Papers by Davies [7, 8] expressed concerns about the introduction of industrial robots
into the surgical field These articles do not only question the strength, speed and
potential unreliability of the robots available on the market, but also questions the
legal liability of robot manufacturers Davies argued that when a surgeon uses a robot
assistant and the surgery fails, the surgeon, (unless 1t can be proven that he was
negligent), is not totally at fault This may result in legal action being taken against
the manufacturer of the robotic device It can be seen that faillure on the part of the
robot raises issues other than human injury. Bearing this in mind, it is quite obvious
why the robot industry would decline to let thetr robots be used in such a sensitive
environment. A purely fictional, but pertinent, account of what might happen from a
legal stand point is made by Epstein in “The Case of the Killer Robot” [9]. Epstein’s
story focuses on the ethics of the computer science industry In this example a single
programmer is indicted for manslaughter because a section of code that he wrote was

alleged to have caused the robot operator's fatal accident.

The use of industrial robots in this field also raises the question of autonomy and how
much the surgeon should be relieved of manual control One method of safety
enhancement 1s to make the surgeon confirm every action the robot is to make This
ensures that the surgeon has the final decision as to whether to proceed with the next
step of the operation. This provokes the question, ‘At what point should the surgeon
confirm motion?” If the surgeon were required to confirm every minute motion, the
time taken to perform the operation would increase. As a result, the patient would be
under anaesthetic for a longer period and potentially at greater risk from infection.
However, if the surgeon 1s not allowed to confirm small enough steps the system

becomes more autonomous, thus escalating the problem of safety in favour of the
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robot. A careful trade-off must be made in order to ensure that introduction of safety

measures 1n one area does not cause the safety of the patient to be compromised

In 1994, the EEC Directive on Medical Devices put strict limits on the design of
medical devices {10] There are some very important points that can be directly

applied to the design of robotic surgical assistant devices The directive states

"Devices must be designed and manufactured n such a way as to
protect the patient and user against mechawmical risks connected with,

Jfor example, resistance, stability and moving parts "

Using these gwmidelines 1t should be possible to design a safe robotic system for
surgery. Industrial robots are becoming more frequently used to perform tasks in an

interactive manner with humans

One issue of safety that has not been discussed so far 1s that of mamtaining a sterile
environment in the operating theatre Since the proposed research will produce only a
laboratory prototype, 1t 1s not important at this stage to consider m depth the need for
a sterile robot  However, there are two common methods of ensuring that the surgical
tools are disinfected: these are physical and chemical. Typically only the physical
methods are used owing to the fact that chemical methods cannot guarantee

instruments are disinfected [11]. The physical methods include

1 Dry heat The component to be sterilised 1s subjected to 160°C heat for 1 hour,

2. Dry steaming under pressure also known as autoclaving: The 1tem 1s subjected
to 135Kpa, 121°C for 15 minutes or 220Kpa, 134°C for 3 minutes

These physical methods of disinfecting surgical tools can be detrimental to most
robotic actuators and sensors such as motors and encoders There are a variety of
components on the market that can withstand the high temperatures that need to be
endured during the cleaning process However, these components are generally more
expensive than their non-autoclavable counterparts A more common solution, in
robot-assisted surgery, is to use a sterile drape that can be disposed of once the

operation is complete The drape (usually plastic, paper, or cloth) covers the robot

12
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(except for the end-effector) ensuring that sterility is not compromused The end-
effector, the only component that actually comes into contact with the patient, is
usually sterilised by autoclaving and attached to the robot without compromising the

drape's ability to maintain sterility

2.3. Classification of robotic surgical assistant devices

Many systems have been developed for a variety of different surgical procedures but
until recently, classification of these aids appears to be somewhat of a grey area.
Davies [7] proposed a potential hierarchy of systems for holding and manipulating
surgical tools used the terms passive and active to describe a system’s interaction with
the patient and the way in which the tools are used. A powered robotic manipulator is
used 1n a passive manner 1f it 15 implemented to align a mechanical guide or to place
jigs In this case the robot 1s relied upon for positional accuracy but the tool
interaction 1s controlled and applied by the surgeon Conversely, Davies states that a
manipulator is used in an acfive manner if the robot makes physical contact with the

patient, i e. cutting bone with a milling tool or removing tissue with a probe

However, Cinquin et al [12] used the terms passive, semi-active and active to describe
the way m which the surgeon interacts with the system Cinquin’s classification of
surgical aids stretches further than just robots. A passive system is depicted as one in
which the surgeon guides the tools Six degree-of-freedom (6-DOF) pointing devices,
which are unpowered articulated arms that register position, fall into this category.
Passive devices include hand-held instruments that are located by visual, ultrasonic
and electro-magnetic techniques Augmented Reality (AR) systems, in which video,
Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) data 1s
enhanced through computer graphics techniques, are used to display mtraoperative

data and aid 1n tool guidance are also classified as passive

A semi-active system 1s described as one in which the surgeon is guided through a
procedure aided by mechanical jigs or laser gnidance The jigs or laser could possibly
be controlled by a powered robot Cinquin et al also employ the term semi-active to

describe a class of manipulator that uses mechanical constraints to limit the
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workspace of the robot enabling the surgeon to move the robot around freely within a
predefined region As the end-effector approaches the boundary surface, freedom of
motion 1n certain directions is either reduced or eliminated completely The term
active describes a system as one in which tasks within the operation are performed by

an autonomous robot under the supervision of the surgeon.

From the point of view of robotic devices 1n general, neither Davies’ nor Cinquin’s
use of the terms passive, semi-active and actrve 1s prudent. Like Cinquin et al,
DiGioia, Jaramaz and Colgan [13] also state that surgical assistants can be separated
into three distinct groups passive systems, semi-active systems, and active systems.
The meaning of each of the terms 1s stated in relation to the way 1 which the system

physically interacts with its environment

Davies later abandoned the six level hierarchy that was proposed in [7], adopting
instead DiGioia's classifcation system and added two further defimtions: synergistic
and telemanipulator systems [14] A synergistic system is one 1n which the surgeon
physically interacts with the robot. By grasping a control handle mounted on the
robot, the surgeon applies a force to move the manipulator. A computer controls the
actuators of the manipulator in order to force the surgeon to remain within a pre-
defined region or along a pre-defined path. A telemanipulator on the other hand is a
manipulator that is remotely controlled by the surgeon The surgeon uses a joystick

(or other control mechanisms) to command the robot's motion,

It 1s D1iGio1a’s classification system that will be adopted mn this research with one
adjustment the term semu-active shall be replaced by actively constrained Each
category shall be discussed in more detail below offering examples of systems that
represent the state of the art (1 e systems that have been developed and those that are
currently being researched). The additton of the terms relemampulator and
synergistic 1s superfluous as these systems all fall into one of the three categories

given by DiGroia
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2.4. Passive Systems

A surgical assistant shall be described as passtve if the system has no control over the
position of the tool. The tool is guided under the power and judgement of the surgeon
alone. The assistant system merely monitors tool position and offers advice on
preferred procedure. This type of system 1s of little help for reaching a pre-

determined positron or following a trajectory

Simon et al [15] presented a system to aid the surgeon when placing the acetabular
implant during THR surgery The navigational aid contains elements typical of this
genre of system regardless of the procedure The system comprises an optical
localiser, a visualisation aid {(computer and monitor) and the surgical tools required to
complete the procedure. The optical localiser 1s a system 1n which a tool is mounted
with several LEDs and a series of cameras track and locate the tool The visualisation
equpment is used to display tnformation to the surgeon about the patient (1e 3D
model derived from CT data), tool position, desired tool position and trajectory. The
system then guides the surgeon through the placement of the implant in the optimum

predefined position and orientation wath the aid of the optical localiser

Delp et al [16] and Leitner et al [17] describe a passive system for Total Knee
Replacement (TKR) Delp describes a system in which CT data 1s taken to generate a
3D model of the patient’s femur and tibia The planning system then orientates the
prosthetic components with respect to the mechanical axis of the limb. An intra-
operative system 1s then used to locate the tibia and femur in order to guide the cutting
pigs into place. Once the jigs are in place the bones are cut to shape using a standard
oscillating saw The placement and tracking of the jigs are momitored via an optical
localiser system. A graphical user mterface (GUI) is employed to indicate position

relative to a target point to ensure accurate placement of the jigs.

Tonetti et al [18] describe the application of an image-guided system to screw
placement for repair of pelvic fractures in a non-invasive manner The novel use of
an ultra-sound scanner to register patient position to pre-operative CT data 1s the focus

pomt. An optical localiser tracks the position of the scanner and srxty ultra-sound
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images and scanner positions are recorded. Commercially available surface based
registration software is used to relate the two types of data. The GUI displays two
cross hairs to the surgeon. One cross hair represents the position of the end of the
dnll bit, while the second corresponds to alignment Two small, concentric target
circles are also shown to indicate the desired trajectory. The goal for the surgeon is to
align the drill bit so that the two cross hairs are n the centre of the smallest circle
Once this has been accomplished the surgeon can start the drnlling procedure During
the operation the surgeon keeps track of performance via the cross hairs to ensure that

the trajectory stays true.

Langlotz et al [19] also demonstrate that an image guided system can be used to
perform pelvic osteotomies. System registration is performed 1n a more common
manner than 1s accomplished by Tonetti The operation cannot be performed in a
non-invasive manner, therefore the surgeon has visual and physical access to the bone
so that 1t can be probed and matched to the CT model resulting in the registration of

the system Again, a custom GUI is used to guide the surgeon through the operation.

Augmented Reality (AR) 1s a new techmque for surgical data visualisation. It is a
method that involves combining information from the real world with computer
generated graphics. Blackwell, Morgan and DiGioia [20] discuss the techniques that
they used to implement a Three-Dimensional Image Overlay System at Carnegie
Mellon University In a similar manner to some of the systems that have been
discussed so far an optical localiser is used to track tools, jigs and equpment
However, in this case the surgeon, wearing a pair of polarised glasses, views the
patient through a semi-transparent ‘window’ (a half-silvered murror) onto which the
computer generated image 1s projected. The type of data that is typically displayed on
such a screen 15 desired tool position, 3D images of the bone structure under the
surface of the skin and tool penetration depth To ensure that the surgeon’s view of
the patient and the projected images match up, the localiser must track the position of

the surgeon with respect to the patient and the view screen
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2.5. Actively constrained systems

The term actively constrained generally refers to mampulators that restrict the
surgeon’s motions 1 some manner The surgeon provides the motive force for the
tool while computer controlled actuators limit the motton The actuators cannot
impart a force to move the tool, 1e¢ the active part of the system can only resist
motion Common examples of actuators for this genre of manipulators are electro-

mechanical, pneumatic and hydraulic ¢lutches and brakes

The classic example of an actively constrained system, often referenced in the
literature, is a 2-DOF prototype manipulator known as PADyC [21, 22]. In 1994,
Lavalée and Troccaz obtained a European patent for PADyC [23], and in 1995, a US
patent [24]. The manipulator is essentially passtve except for a pair of motor driven
over-running clutches on each jomnt. This original design also included a brake for
limiting the speed of joint rotatton and completely locking the joint, Troccaz also
patented the free-wheel clutch in Europe [25] and in the United States [26] The
clutches allow free rotation 1n one direction but can constrain motion m the other [27]
Referring to Figure 5, which shows a single joint of PADyC, one clutch controls joint
motion 1n the clockwise direction while its counterpart restrains motion in an anti-
clockwise direction The speed at which a clutch 1s driven determines the maximum
velocity 1n that direction The motors drive the clutch wheels through a worm gear to

prevent the surgeon from back-driving the mechanism
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Figure 5 - PADyC joint architecture

Delnondedieu and Troccaz define four modes of operation for the manipulator, The
first 1s ‘free’ mode mn which the arm can be moved without any resistance. The
second is ‘position’ mode, whereby the surgeon moves the manipulator to a pre-
determmed position. The clutches then lock, restraming any motion ‘Trajectory’
mode provides the third manner in which the manipulator's motion may be
constrained. In this mode the manipulator is allowed to move only along a specified
trajectory The authors actually state that the manipulator is constrained to remain
within a corridor and that varying the width of the comdor increases the accuracy of
execution of the path The final mode is that of ‘region’ control In this mode any
number of control points on the tool (or arm ttself) can be controlled to stay within a
given boundary. Troccaz and Delnondedieu [28] state that the system had insufficient
positional accuracy The end-effector positional error was reported as being as high

as a few millimetres The inaccuracy of the system was attributed to four causes

flexion m the axes between the freewheel and the lhink,
flexion 1n the freewheels,

backlash 1n the worm-gear drives, and

b

hysteresis of the freewheels,
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If this 1s the case 1t is not just that the robot 1s imprecise; the robot is, essentially, free
to move within a small area even though the clutches are attempting to restrain
motion If the accumulation of the errors across only two joints 1s a few millimetres, a
6-DOF system mught exhibit errors of a few centimetres. Troccaz ran experiments
that indicate that the error attains amphitudes of 10mm for an end-effector force of
10N and 20mm for an input force of 20N In each of these cases, Smm of the error 1s
attributed to backlash with the remaining error coming from the elastic properties of
the system. Owing to the relevance of this device to this research and the problems
that are associated with forcing a manipulator of this type to track a desired path,

PADyC is described in more detail in Chapter 3

More recently, a 6-DOF system based on the PADyC prototype has been proposed for
cardiac puncturing [29, 30] In general the manipulator will only be used as a
positioning device and not used in trajectory mode. The six axes will be used to attain
the desired line of the trajectory, only then will the surgeon be asked to insert the
needle. It was proposed that the speed of insertion would be controlled 1n part by only

one axis of the system.

Phillips et al [31] and Viant et al [32] proposed CAOS (a Computer Assisted
Orthopaedic System) to implement a straight-line trajectory typical of dnlling
operations The system comprises three parts; CT data capture, trajectory planner and
a 6-DOF, custom-built passive manipulator. Once the CT image has been taken the
trajectory planner 1s used to decide upon a trajectory for the dnll bit The surgeon
moves the manspulator into position then computer-controlled brakes lock the joints
At the tip of the robot is a mechanical guide through which the drill bit is fed. With
the brakes turned off the surgeon is expected to align two cross hairs on a computer
screen, a task which requires traiming and is not straightforward These cross hairs

represent a desired position and location

The group locked at two designs of electromechanical brake fail-safe and non-fail-
safe. Due to a thirty percent increase in weight, the fail-safe option was discarded

which introduces some interesting safety 1ssues For example, 1f a power failure
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occurs during the drilling procedure, the weight of the falling manipulator may break

the dnll bit leaving part of it inside the patient

2.6, Active systems

An active system is defined as one that 1s able to perform position and trajectory tasks
under its own power regardless of 1ts proximity and interaction with the surgeon and
patient. In the Iiterature, ROBODOC 1s the most common example of an active
system However, there are many other active systems that warrant review 1f not only
for the safety issues that they raise but also because of the variety of solutions that

have been proposed.

ROBODOC [33, 34] 1s a five-axis industrial robot that has been modified to perform
the machining of a femoral cavity to receive a cementless hip prosthesis. Cementless
prostheses require high accuracy cavity machining compared to cemented prostheses
Figure 6 below shows how the surgeon 1s required to machine the femur m order to fit
the prosthesis The planning and operating procedure to machine the femoral cavity
has five main steps  Firstly, the patient has three fiducial markers attached to the bone
in a pre-operative procedure A CT scan of the bone 1s then taken In the third step, a
3-dimensional computer model of the femur 1s used to allow the surgeon to plan the
position and orientation of the prosthesis with reference to the fiducial markers
During the operating procedure the position of the robot has to be determined with
respect the fiducial markers Once this has been established the procedure can begin
and the cavity automatically machined by the robot. The justification for the use of an
automated system is that ROBODOC can reproduce the cavities to a dimensional
accuracy far exceeding that of any surgeon. The increased accuracy alleviates
problems of intraoperative fractures (caused by using excessive force to insert a
prosthests into a badly broached cavity) and reduces gaps between the prosthesis and

the bone surface that may prevent bone growth
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The safety features on the first generation ROBODOC assistant are described 1n detail
throughout the texts by Taylor, Paul, Kazanzides et al [5, 6, 33, 34]. To ensure that
the robot makes no unauthorised motion, the authors proposed a robot controller that
performs consistency checks on position and velocity limits as well as monitoring
external signals. A separate force momtor system was employed to ensure that the
cutting tool was not exerting excessive force dunng the procedure The force menitor
then passed the information on to the robot controller so that erroneous conditions
could be dealt with appropriately Bone motion monitoring was employed 1n order to
ensure that the bone does not move in relation to the robot base. If the bone is
displaced during the surgical procedure the robot needs to adjust its frame of reference
accordingly A redundant position monitoring system that uses Light Emitting Diodes
(LEDs) mounted on the robot and a series of cameras that track/momitor the LEDs
was also proposed 1n order to track the robot end-effector and check that the cutting

tool did not deviate from a predefined workspace.

After the successful trials on domestic canine subjects some of the main safety
features implemented on ROBODOC had to be amended before human chinical trials
could be performed. The onginal system used a wvisual-tracking system
(OPTOTRAK™) to redundantly check the robot’s position, ensuring that the robot
end-effector was where 1t was reported to be The surgeon concluded that the added
complexity of the visual-tracking system was not worth the possible gain 1n safety in
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the veterinary cases [5] but it was necessary i human clinical tnals  The system was
changed to accommodate a second set of position encoders on the robot arm, 1€ two
encoders on each joint [35, 36] A dedicated safety processor monitors the redundant
encoders and compares the values with the motion controller readings from the
original encoders to locate errors. Figure 7 shows the ROBODOC system 1n detail.
The bone is attached to the robot base via a fixation device and the bone motion
monitoring system checks for significant movement [37] The safety processor also

monitors bone-cutting force to ensure that the robot 1s performung correctly.
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Figure 7 - ROBODOC system

In 1992, the ROBODOC Surgical Assistant System was allowed a 10-patient pilot
study, authorised by the United States of America Food and Drug Administration
(FDA) The study sufficiently demonstrated the safety of the system and after a
review the FDA authonsed a three hundred patient study in September 1993 The
study comprised two randomly assigned groups of one hundred and fifty. A control
group would undergo the hip replacement operation using standard manual
techniques, while the study group would be operated on with the aid of ROBODOC.
The robot system was also used 1n Germany. During the period of November 1994 to
November 1997, 900 patients were operated upon [38]. Bargar et al [38] stated that
durmng the first 100 operations the operating time decreased steadily because they

were all performed by the same surgeon. However, four more surgeons joined the
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team and the operation time remained in the range of 90-100 minutes. The procedure
performed by the robot took approximately thirty minutes longer than the manual
operation. This time loss was atiributed to fixation of the patient's femur and
registration of the robot using the fiducial markers. The extra time that must be taken
to complete the operation 1s itself a danger to the patient; experiencing increased
blood loss and exposure to infection. Since 1994, ROBODOC has performed over
7,300 THR operations and has also been used to perform over 100 Total Knee
Replacement (TKR) procedures and has still not received FDA approval. There are
currently 37 ROBODOC systems worldwide, including Japan and Europe In
December 2000, ROBODOC began clinical trials in the United States in order to
achieve FDA approval

Although the ROBODOC project successfully implemented an industrial robot as a
surgical assistant many researchers in robot assisted surgery believe that custom made
robotic devices are a safer way forward Davies et al [39, 40] designed the Surgeon
Assistant Robot for Prostatectomy (SARP) which was later to become known as
PROBOT. It 1s claimed that this was the first active robotic device to perform tissue
removal on a human patient in April 1991 [40]. A study was first carried out to
determine whether a robotic prostatectomy was feasible by using a six-axis Unimation
Puma industrial robot The mndustrial robot was slightly modified to be able to
rehiably cut a conical cavity required for prostate resection Davies demonstrated the
feasibility of the robot by cutting a comcal shape from a potato mounted 1n a Perspex
box. A 3-DOF 'manual safety frame' was then designed that would allow a surgeon to
make the cuts required to perform the operation manually. Wickham et al had
previously obtamned a European patent for this device [41] The objective of
designing a frame for a manual procedure was to test the kinematic geometry of the
robotic device, and to identify problems with surgical procedure The custom-made
frame was completely motorised following clinical tests on 30 patients [40] In its
fully active form the system had performed five prostate resections on human subjects
successfully. The first patient was operated upon in April 1991, which was reported
to be the first robotically assisted removal of substantial quantities of tissue from a

human patient [40].
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CASPAR (Computer Assisted Surgical Planning and Robotics) system from
OrthoMaquet also performs THR and TKR as well as Antennor Cruciate Ligament
ACL) reconstruction [42] The robot 1s based on a PUMA 1ndustrial manipulator,
which has a spherical workspace It uses milling and drilling tools to perform the
aforementioned types of surgery. The results of the first 43 TKR procedures
performed with the CASPAR system showed that 97% of the prostheses were aligned

to within the target £3° compared to 61% 1n the manual procedure [43].

Davies et al [44] also designed a 4-DOF robotic system called ACROBOT (Active
Constraint Robot) to enhance TKR surgery. ACROBOT constrains motions made by
the surgeon to a pre-defined region. Geared DC-servo motors provide the necessary
joint torque to constrain the end-effector to remain within the pre-planned region
when the user applies a force on the end-effector/tool holder [45, 46] The
ACROBOT end-effector 1s moved via a control handle that senses the surgeon’s input
force and feeds the signal to the motor’s control system Depending on the proximity
of the tool to the boundary the Motor Controller either allows motion of the tool/end-
effector (far from the edge of the boundary) or reststs motion (close to the periphery)
The operation of this system does however, raise some important safety issues
Firstly, Davies classifies this system as semi-active because of the way in which the
robot guides the surgeon. However, Harris et al stated that should the surgeon put
enough force onto the end-effector to push the robot into a safety critical area, high-
gain position control 1s used to move the cutter to the nearest point on the boundary,
1 e. moving 1t out of the dangerous region [47] This statement not only imples the
patient may be mjured by an over enthusiastic surgeon forcing the robot beyond the
safe region, 1t also indicates that the surgeon is at risk because the ACROBOT will

actually drive against any input force to return the robot to the safe region.

Kienzle et al [48, 49] also demonstrated the use of a 6-DOF Unimation PUMA 560
industrial robot, equipped with a 6-DOF force sensor and drill guide, for performing
TKR surgery In a similar manner to the ROBODOC system, the surgeon needs to
place five fiducial markers in the patient’s femur and tibia. A CT scan of the bone 1s
taken to construct a 3-D model The model is used to plan the placement of the

prosthetic components During the surgery the procedure requires that the femur and
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tibia be immobilised using specially designed fixation devices Registration of the
robot with respect to the 3-D computer model is achieved by locating each of the five
fiducial markers Once this has been accomplished the robot is then used to drill
holes 1n the femur and tibia so that mechanical jigs can be screwed into place. Using
the jigs, the necessary cuts are made by the surgeon using the traditional hand-held
oscillating saw One point of discussion related to this research 1s the use of the
original Unimation control system without any safety modifications. As has already
been mentioned, industrial robots are prone to making unforeseen motions Without
implementing stringent safety measures this system cannot be expected to be used 1n

an operating theatre.

MINERVA, a 5-DOF manipulator designed and built at the Swiss Federal Institute of
Technology [S0], is capable of performing biopsy, hematoma evacuation and living
cell implantation upon the human brain The objectives of the MINERVA robot are
to cut operating times from two hours down to thirty minutes whilst at the same time
increasing the accuracy of the operation. The whole procedure 1s performed by the
MINERVA system, including skin incision, bone drilling and probe manipulation.
Glauser et al [51], demonstrated the system performance with a series of eight biopsy
procedures The authors admitted that two of the operations were classed as failures.
The first was attnibuted to the head of the patient being fixed too low in the
stereotactic frame, thus making it impossible for the robot to reach the target area
The second operation failed because the robot retrieved tissue from around the tumour
rather than tissue from the tumour itself Operating on the bramn is an extremely
delicate procedure, robot failure could seriously injure or kill the patient Injury
caused by a robot such as ROBODOC, performing cutting operations on bone, may be
corrected, unlike operations on critical soft tissue such as the heart or brain  However,
the potential gain caused by the introduction of an active system with the positional
accuracy demonstrated by that of MINERVA (ranging from 0.1lmm to 0 5mm) out-
weighs fears of failure, assuming that a switable safety strategy can be employed A
system similar to that of MINERVA, is NEUROMATE from Intuitive Surgical
Systems [52] Unlike ROBODOC, NEUROMATE has FDA approval and with 16

units worldwide the robot has supportéd over 3,000 neurosurgery procedures.
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Brandt et al [53] presented a novel reduced workspace robot for general orthopaedic
surgery named CRIGOS. The manipulator based on a Stewart Platform similar to that
shown min Figure 8, has a much smaller workspace than the robots that have been
discussed so far. The robot 1s manoeuvred into the general position required for
performing the operation on a second floor-based mobile robot. Again the procedure
requires a registration process to connect robot position to patient position In
comparison to more traditional robots the Stewart platform has a very limited
workspace The advantages of this particular robot, which make it a good candidate
for implementation, are 1ts size and weight. The robot 1s reported to weigh four
kilograms and have a workspace of 100x100x50mm’ making it portable and easy to
store. Due to the parallel nature of the system, CRIGOS appears to be safer than the
other (serial) robots Since more than one axis must move to significantly change
position or orientation of the end-effector, the robot’s ability to exhibit unauthorised
motion 1s greatly reduced However, the use of a large floor-based robot 1ntroduces
large amounts of flexibility in to the system. In order to overcome this problem, a
prop is fixed to the operating table once the floor robot is 1n position that ensures

movement caused by flexibility is kept to a minimum.

Linear
actuators

N

Platform

Base

Figure 8 - Stewart platform

Brett et al [54, 55] showed the development of an automated device for drilling
through small bones 1n the middle ear A Stapedectomy 1s performed to restore

hearing lost through bone tissue growth around the stapes (Osteosclerosis) The
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stapes is the last bone in the ossicular chain, the series of three bones that transmit the
acoustic vibration from the outer ear to the fluid of the inner ear. To restore hearing a
small hole, 0 6mm in diameter, is drilled 1n the stapes bone and a prosthetic piston 1s
inserted into the hole The outermost end of the piston 1s mechanically attached to the
incus bone and hearing is restored The difficulty in this procedure 1s the detection of
breakthrough of the drill bit as it passes through the bone If the membranes behind
the stapes bone are penetrated, loss of hearing could result. During manual drilling 1t
1s hard for the surgeon to detect and react to breakthrough thus making the procedure
dangerous The problem 1s made increasingly difficult by the deflection of the bone
during drilling Any force applied to the stapes causes the bone to move further into
the ear also pushing the membranes back Upon breakthrough the stapes and
associated membranes spring back to their original position leaving the dnll bit
behind to penetrate the advancing tissue. Brett et al’s 1-DOF ‘micro-drill’ monitors
feed force, drilling torque and feed position to mimimise breakthrough distance of the
cutting bit Once the onset of breakthrough has been detected the dnll bit stops
rotating and retreats until there 1s no feed force. The robot-assisted procedure
mvolves visually positioning the drill, which 1s mounted on a passive arm equipped
with pneumatic brakes. When the drill has been positioned correctly the brakes are
locked and drilling can begin [56, 57, 58). Results of operations performed on
cadaver specimens showed that the protruston of the bit was within 0 02mm of the
bone surface. The authors admut that there are some issues to be resolved concerning
hygiene, safety, and operating room compatibility. It has not been reported that

clinical trials have been undertaken.

PAKY-RCM (Purcutancous Access of the KidneY — Remote Centre of Motion)
developed in part at the Brady Urological Institute, Baltimore, USA, 1s a system
proposed for percutaneous renal access for biopsy [59, 60, 61]. The robotic
mechanism uses a total of 11-DOF 1n order to position and orient a needle The
system consists of a 7-DOF passive arm, a 2-DOF remote centre of motton (RCM)
module, and finally a two DOF PAKY end-effector The first 8-DOF are used 1n the
initial posiioming of the device i the general vicinity of the target point and are
firmly locked during the operation. The reamining 3-DOF are used to accurately

target the desired needle trajectory Once the robot has been positioned correctly, the
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needle 1s automatically inserted. A CT scan 1s obtained in order to verify the needle

position and the biopsy 1s taken

Bouazza-Marouf et al [62, 63], using a custom built 5-DOF manipulator, investigated
the use of a robotic drilling device to aid the repair of trochanteric, neck and shaft
fractures of the femur. The main difficulty 1s that the surgeon is operating 1n a ‘blind’
manner. In the case of trochanteric or neck fractures, the surgeon is required to attach
a plate to the diaphysis of the femur and a sliding screw 1nto the head of the bone as
shown in Figure 9. The procedure requires that the shiding screw be inserted at the
correct position, orientation and depth The surgeon uses a guide wire to drill a pilot
hole and is forced to take several X-ray images 1n order to monitor progress Several
attempts (depending on the experience of the surgeon) may be made before the
surgeon is satisfied that the guide wire is correct. This may cause weakening of the
structure of the cancellous bone inside the femur head whilst also exposing the patient
and surgeon to excessive doses of X-ray radiation. The system of Bouazza-Marouf et
al uses a C-arm X-ray unit and a calibration frame to take two nearly orthogonal
views of the area to be drilled The calibration frame is used for the computation of
the transformations from the X-ray image frame of reference to the robot’s frame of
reference The robotic assisted procedure requires the surgeon to highlight the desired
dnill bit trajectory in the two X-ray images. The drilling trajectory with respect to the
robot frame of reference 15 computed and the robot end-effector/dnll 15 automatically
positioned The surgeon, through the use of a dead-man’s-handle, initiates the
automatic drilling procedure. Additional safety enhancements involve the monitoring
of the dnilling force. Figure 10 shows the fixation of a shaft fracture; the procedure
involves the surgeon inserting a long steel tube (intermedullary nail) mnto the
medullary cavity of the femur. Following nail msertion, proximal and distal locking
screws are to be ‘blindly’ placed in alignment with the respective holes in the nail

The proximal screw can be easily placed with the assistance of a jig, but the surgeon
uses X-Ray images to obtain a view of the distal nail holes and aligns the drill bit.
Again, the surgeon may take several attempts to line up the pilot hole with the hole in
the nail increasing patient and surgeon exposure to X-ray radiation Using the robotic
drilling system developed by Bouazza-Marouf et al 1t 1s possible for the surgeon to

drill the holes 1n the correct position at the first attempt using only two X-ray images.
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No chinical trials have been carried out as the system is under going further

improvements to enhance the Man-Machine Interface.
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Figure 9 - Fixation of trochanteric and neck fractures
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Figure 10 - Fixation of shaft fracture
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Finlay also described a system for assisting in the dnlling procedure [64}
ORTHOSISTA was designed to place a gmide cannula 1n a position and orientation
that would allow the surgeon to dnll the hole with the least possible exposure to X-ray
radiation The mechanism used a pair of 2-DOF Cartesian manipulators  Each
manipulator manoeuvred an end of the guide cannula By moving the Cartesian
manipulators, the cannula could be placed at the desired position and orientation. The
Cartesian frame was found to be too large and impeded the surgeon's view of the

patient. The robot configuration was not developed any further

Loughborough, Hull and Dundee Universities have also developed a robotic system
for performing femural and tibial osteomies as part of a research project involving the
three institutions [65] The tibial/femoral 'wedge' osteotomy procedure involves
removing a section of bone 1n order to realign the tibia and/or femur Figure 11 shows
a typical femoral osteotomy procedure  Figure 11a shows the incorrect alignment of
the tibia and femur To correct the deformity a wedge is removed as shown in Figure
11a and the bone surfaces are closed together and the bone fixed with a staple as
shown in Figure 11b. Traditional methods mvolve the surgeon cutting the wedge
'free-hand’ using an oscillating saw. The saw vibrates causing a bad surface finish,
which can cause further alignment problems. The feasibility study, involving the three
universities and the Department of Traumatology and Orthopaedics of Royal Hull
Hospitals, demonstrated that a custom-built 6-DOF active robot could be used to

automatically cut the two plane profiles under close control of the surgeon.
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Figure 11 - Osteotomy procedure

In 1998, the 6-DOF robot assttant device OTTO was presented [66]. The robot,
which hangs from the ceiling of the operating room, handles drills, saws, tappers, and
screwdrivers, and many other tools that are required during surgery OTTO 1s capable
of helping the surgeon perform a wide range of procedures including plastic and
reconstructive surgery, as well as dental and laser surgery. The robot was reportedly

the first active system for performing Maxillofacial surgery.

Sackier and Wang [67] adapted a 6-DOF manipulator to holding a laparoscope (a
device for viewing internal tissue through a small incision in the skin in minimally
mvasive surgery). The robot, known as AESOP, replaces a human assistant who
would ordinarily hold and direct the scope under the surgeon’s command In some
cases the surgeon mught take manual control of the scope; leaving only one hand to

perform the rest of the procedure However, the robot was imtially centrolled via a
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footpad allowing the surgeon to be in total control of the placement of the scope while
both hands are free to perform the operation Later developments included a voice
command system for the control the robotic Laparoscope. Taylor et al also proposed
a similar system, known as LARS, which was being developed as part of a joint study
by IBM and John Hopkins University [68]. A third automated system for holding a
Laparoscope 1s EndoAssist from Armstrong HealthCare [69]. The camera picture is
displayed on a momtor and the surgeon, wearing a special headband, controls the
position of the camera by looking at different areas of the image Motion of the robot
1s not allowed unless a footswitch is activated. Another robot designed for the task of

holding an endoscope 1s Endoxirob supported by Sinters S A. [70].

The AESOP system was further developed by Computer Motion Inc nto the
telemanipulator system known as ZEUS Robotic Surgical System [71] The system
has two robotic arms that operate in conjunction with AESOP Laparoscope. ZEUS
operates in a master-slave mode; the surgeon sits at the remote terminal maneuvering
the master robot. The slave copies the master’s actions inside the patient through
small 1ncisions in the chest (in the case of heart surgery). The surgeon watches the
operation on a monitor at the terminal displaying images captured by the endoscope.
The ability of the robot to scale down the surgeon's motions mto 'micro-movements'
makes the task of stitching and other difficult procedures a more simple and accurate

task

Similarly, the da Vinci system [72, 73, 74] 1s a teleoperated minimally invasive
surgical system comprsing three robot arms and a separate control termmal. one arm
1s equipped with an endoscope, while the other two carry instruments. The system
operates 1n a master-slave mode; the surgeon sits at the remote terminal manoeuvring
the master robot As with ZEUS, the slave end-effector, inserted inside the patient
through small incisions in the chest, copies the master’s actions inside the patient
through small 1ncisions in the chest The surgeon watches the operation on a monitor
at the terminal displaying images captured by the endoscope On June 18, 1999,
Intuitive Surgical Systems announced that the da Vinc system had been FDA
approved. Up until this point, the system had performed nearly one hundred cardiac

operations and over one hundred and fifty mimimally invasive procedures of other
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natures. There are currently 40 such systems operating world-wide performing a wide

variety of mimimally invasive surgery.

Smith et al [75] presented a robotic system for performing a cut 1n the cornea. The
system uses a robotic mechanism to guide a water jet around the desired profile of the
cut. Once the cornea has been removed 1t can be grafted on to another patient's eye
The need for accuracy and repeatability 1s obvious 1n this case, The two cuts have to
be as similar as possible in order to avoid deforming the graft and distorting the vision
of the recipient  The use of a robot in this way would allow the surgeon to plan the
cut of complex shapes from both the donor and patient cornea. As a result, the cornea

would not be distorted during the replacement procedure

HIPPOCRATE from Sinters S A is a 6-DOF manipulator for placing ultrasound
devices to an accuracy of 0.1mm [76]. The robot can apply a controlled pressure to
the patient in order to obtain repeatable readings of blood pressure and to evaluate the
onset of arteriosclerosis. It has also been proposed that HIPPOCRATE can be used
for automatically taking skin samples from patient. Sinters S A have also been
developing light weight robots known as TER and TERESA for the ultrasound

scanner application

Armstrong HealthCare Limited have also developed a robotic system for guiding the
surgeon through neurosurgical procedures [77]. The 6-DOF device, known as
PathFinder, 1s one of the most recent devices to be unveiled The manipulator can be
used as a tool for positioning dnll guides with sub-millimetre accuracy The
manipulator can also be fitted with motorised tools so that 1t can perform operations
automatically Firstly, several titanium fiducial markers are attached to the patients
skin with surgical glue or attached directly to the skull Once in the operating theatre,
the surgeon uses X-ray, CT or MRI data to plan to the operation selecting both the
entry point and target area on the patient’s skull. The robot, using a camera mounted
on the end-effector moves towards the patient to search for the fiducial markers
Upon finding a marker the robot measures the position of the marker from several
different angles 1n order to get an accurate reading of position After the robot has

found the fiducial markers the skull position relative to the robot base 1s known, The
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robot can proceed to position the drill guide (or other surgical tool) above the desired
entry point on the patient’s skull [78]. The robot 1s reported to be under going
accuracy and safety trials at the Queen’s Medical Centre in Nottingham with clinical
trials scheduled early in 2002

2.7. Other relevant works

Another area of interest in terms of using robots for physical interaction with humans
15 that of haptic displays Haptic devices are mechamsms that provide tactile
feedback to a user. As with surgical systems, many of the research devices have used
modified industrial manipulators to provide this feedback. Much of the research has
involved making the end-effector of a robot behave like a different object, for
example a tenms ball or a spring. However, in machiming processes 1t is more
important that the robot is capable of following a pre-defined trajectory. There are
two particularly interesting projects in the field of haptic displays that are relevant in

the context of this research,

A group at the Georgia Institute of Technology proposed a robot known as PTER
(Passive Trajectory Enhancing Robot) [79] The robot is based on a motorised active
haptic display known as HURBIRT [80] The main difference between the two robots
is that PTER uses four clutches and a differential gearbox to dynamcally link the
rotational velocities between successive revolute joints by varying the braking force
of the clutches Although several control methods were applied, the accuracy of the
manipulator was not proven to be satisfactory Book et al showed that the
manipulator was not able to track the trajectory any closer than about 4mm [79] It
was also found that in order to achieve acceptable performance, the clutches needed to
be switched on and off very quickly which caused undesirable disconttnuous motion

of the manipulator [81]

Another example of a passive haptic device 1s the COBOT (Collaborative Robot)
designed by Colgate et al [82, 83] The principle of the COBOT is to implement the
active part of the system as a “steering” mechamsm The prototype COBOT is a

single steering wheel, running on a plane surface, supported by a passive 2-DOF
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cartesian frame. The user moves the end-effector via a control handle mounted on the
manipulator The direction of motion 1s controlled by sensing the force perpendicular
to the direction of wheel rotation and controlling the direction of the wheel by a servo-
motor and gear train  Colgate et al described two modes of operation, virtual caster
and virtual wall. In virtual caster mode the steering behaves in a fashion that follows
the direction of the input force. However, in virtual wall mode as the user approaches
a predefined boundary the direction of travel 1s controlled to constrain the motion to
the “free-space”, prohibiting movement beyond the boundary. Colgate describes a 3-
DOF system using two steering wheels in which the COBOT (still supported by the
cartesian frame) 1s able to rotate around any given point in the plane. The authors also
mention the possible addition of a third wheel that would enable the COBOT to stand
freely without external support. The COBOT was ongimally designed as an
alternattve to haptic displays, devices to provide physical feedback for virtual
environments, but the potential of these collaborative robots n other safety-critical
settings was quickly noted but only mentioned briefly However, in reality the
problem (certainly in the surgical environment) will be to ensure that the wheels do
not slide on, or lose contact with the surface of the plane that they work on A version
of COBOT, called "scooter", was used on an automobile assembly hine for material
handling [84]. The COBOT was used for carrying the doors of the vehicle and while
the operator pushed, "Scooter" steered the door towards the assembly point The
COBOT architecture has been used to develop a continuously vartable transmission
(CVT) for revolute robot joints [85] Most recently, a 3-DOF manipulator using the
CVTs has been proposed [86]. The joints of the robot are kinematically linked, that 1s
if the user forces motion of one joint the rest of the joints are forced to move 1n a
direction that generates motion along the desired path However, although ths
passive device promises trajectory tracking the size of the CVT mechanisms 1s large
compared to the maximum force that they can resist The robot is only expected to be
able to withstand 13N of force (in its worst configuration) at the end-effector before
the drive rollers in the CVT slip and the robot loses its ability to maintain the current

positton. These devices are also discussed further in Chapter 3.

35




Literature Survey

2.8. Discussion

As robotic systems have been developed the commercial advantages of such systems
are quickly realised The need to apply for patents and the commercial sensitivity of
these systems means that authors stop publishing relevant material. This has been
particularly evident in the recent developments of the ACROBOT system The robot
has performed a cadaver study and 1s believed to have started trials on live subjects

However, it is felt that in general the above literature review is good representation of

the current state-of-the-art.

As it can be seen from the Irterature, safety 1s of the utmost importance This
highlights the concerns of using modified industrial or custom-built active systems no
matter how advanced the measures taken to prevent unauthorised motion It 1s
believed that 1n certain surgical applications an actively constrained system is the best
compromise between accuracy and safety. In the context of the proposed application
that 1s the focus of this research, actively constrained devices could potentially offer
all of the accuracy of an active device whilst reducing the assoctated risk of injury to
patient and surgeon that are inherent in the ROBODOC, MINERVA, and da Vinci
systems An actively constrained device also has the advantage over passive systems
of increased accuracy and steadiness as well as reduced time in the positioning of the
end-effector. It should be noted that between the work of Troccaz’s PADyC and
Davies’ ACROBOT there is an opening for a safe accurate trajectory following
system that has, until this point, not been filled. Troccaz’s PADyC suffers from large
positional errors that can reach a magnitude of 20mm and are attributed to backlash,
hysteresis, and flexibility. It 1s also shown in Chapter 3 that the user requires an 1n
depth knowledge of the behaviour of the system in order to efficiently track a path,
1e the user needs to be trained However, while Davies’ active ACROBOT offers
high positional accuracy the 1ssues associated with the risk of imjury to both the

surgeon and the patient do not make 1t a very attractive solution
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2.9. Research Objectives

The objective of this research 1s to develop an inherently safe robotic surgical

assistant. The device should be capable of performing path/trajectory following tasks

that typify motions required during 2 TKR procedure with little error and no nsk to

the user. To this end the following seven requirements are defined in order to assess

safety and performance of the manipulator and control algorithms

Requirement 1 :

Requirement 2 :

Requirement 3 :

Requirement 4

Requirement 5 :

Requirement 6 :

Requirement 7

The user should also not be able to overpower the manipulator with
excessive force

The robot should move only under the direct control of the operator
The robot should not perform unauthorised motion.

The manipulator should be unable to provide a motive force against
the user.

The control algorithms and strategies employed should be robust
against external disturbances such as the user-input force or from the
mechanical properties of the device itself.

To prove performance of the control algorithm the mampulator
should be shown to track a prescribed path with minimal error

The manipulator must be easy to use with little or no training,
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Chapter 3 The Limitations of Passive Arms with Dynamic

Constraints

3.1, Introduction

Development of robotic devices that interact closely with humans has been a focus of
research in fields such as robot-assisted surgery and haptic devices. The demand for
robotic devices where direct interaction with humans 1s required 1s growing. The
recent introduction of powered surgical-assistant devices into the operating theatre has
meant that modified industnal robot manipulators have been required to interact with
both patient and surgeon Many compantes and research facilities have developed
completely autonomous, modified industrial manipulators for direct interaction with
humans. In the operating theatre, this introduces many questions on safety of the
patient, surgeon, and operating room staff [7] There are many other applications
where the accuracy afforded by a robotic mechanism coupled with the perception of a
human could be an advantage, for example assembly tasks and material handling in

the manufacturing industry are of particular interest.

Custom-built robotic-assistant devices, such as ACROBOT (Active Constraint
ROBOT) [47] and PADyC (Passive Arm with Dynamic Constraints) [27], have been a
more attractive alternative to the larger and more expensive industrial systems

ACROBOT is a four degree-of-freedom (4-DOF) manipulator designed to help the
surgeon perform total-knee-replacement surgery. The surgeon controls the motrons of
the manipulator by applying a force to the control handle attached to the end-effector
of the robot  All of the joints are backdriveable and a DC motor at each joint controls
the resistive force that the surgeon feels using a force control strategy. The workspace
of the robot is actively constrained to confine the end-effector to remain within a pre-
planned safe working region However, while the ACROBOT system requires
physical input from the surgeon in order to move the manipulator, the force-controlled
servomotors in each joint are still powerful enough to provide unaided motion of the

robot. It 1s also possible for the surgeon to over-power the motors forcing the robot
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end-effector to deviate from the desired path or leave the pre-defined safe working
region. However, increasing the available motor torque raises many 1ssues regarding

surgeon and patient safety

Alternatives to these motor-driven devices are devices, such as PADyC, that cannot
provide motion of their own, 1¢ they can only provide a resistance to motion It 1s
shown 1s this chapter that for such devices a user 1s required to have a deep
understanding of the mechanism n order to be able to perform computer-controlled
constrained path following tasks in a smooth manner A 2-DOF revolute joint, planar
robot is used to demonstrate such a requirement A geometric analysis of the
conditions that the direction of the user-input force must satisfy in order for the robot
to be able to follow a path is presented It 1s shown that incorporation of these
conditions into a control algorithm and implementation of a mechanism for presenting
this information to the user would simphfy trajectory following, thus allowing the
user to concentrate on the end-effector task It 1s also shown that a more appropriate
choice, when possible, of robot kinematic configuration would alleviate these

problems

3.2. Actively-constrained devices for trajectory following

Haptic displays, used for providing tactile feedback to human operators, have also
been the subject of recent research and again provoke many questions on the issue of
user safety. The majority of robotic systems require a mechamism with some form of
motor-driven joint that provides force-feedback to the user However, in addition to
PADyC there are only two other devices that make use of passivity to ensure user
safety These two devices, PTER (Passive Trajectory Enhancing Robot) [87] and
COBOT (Collaborative Robot) [86] provide a very different approach to that of
PADyC by forcing a kinematic relationship between jomts, such that any user-input
force 1n the general direction of the path will generate motion of the robot along the

path.
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3.21 PADyC
The prototype of PADyC 1s a 2-DOF robot incapable of motion of its own [27] At

every joint PADyC has a pair of over-running clutches, each running on a separate

motor driven hub By controlling the speed of each motor one clutch limits the

maximum allowable speed in the clockwise direction while the second clutch restricts

speed m the anti-clockwise direction It was demonstrated that PADyC could be used

to confine the motion of the surgeon to a pre-defined work area and, to a limited

extent, follow a pre-defined path With 20N of force applied on the control-handle,

the 2-DOF prototype of PADyC exhibited up to 20mm of error at the tool-tip with

link lengths of 0.25m [28]. The error was attributed to joint flexibility and backlash in

the clutch mechanism. Errors of this magnitude cannot be tolerated in most surgical

applications

Further analysts of the control algorithm that 1s used to implement the path following

mode reveals some interesting problems Consider the circular path, P{x,y), of Figure

12a, and 1ts joint-space representation, ¢, shown in Figure 12b. The method

employed to control PADyYC involves approximating the joint-space path with a

straight line. By considering a new point a joint-space distance AQ further along the

path, the amount that each joint needs to be moved to reach the new point can be
calculated Using this method, it is possible to generate an authorised rectangle (a
region of allowable motion) as shown in Figure 12b Figure 12a also shows the
authorised regron which is the mapped rectangle from joint-space into the task-space.
The authorised region ts calculated by the computer in real-ttime and 1s continually
adjusted to compensate for the current position of the manipulator. It can be seen that

if the choice of AQ is large then 1t 1s entirely possible that the current robot position
may never lie on the path However, if AQ 1s very small, the robot may follow the

path with some small degree of error, i.e guiding the user down a narrow corridor. It
1s claimed that this method has been proved to give satisfactory results despite the

error induced by backlash and joint/link flexibility.
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Authonsed
region

a) Task-space representation b) Joint-space representation

Figure 12 - 2-DOF manipulator following a circular path

In order for the robot end-effector to trace the desired path the clutches must impart a
resistive force at one or more joints. In this case, 1f the user tries to exceed the
maximum allowable speed of a given joint, the clutch suddenly engages and
constrains the joint to remain at the given angular velocity Any resistance to motion
radically (and in this case instantaneously) changes the dynamic behaviour of the
system transmitting an irregular 'feel' to the motion. The user is requred to
compensate for these changes and needs to adjust the direction that the driving force
1s applied 1n order to follow the path. In other words the user is expected to ‘feel’ their
way along a narrow corridor, bouncing from wall to wall. In addition, some tasks, for
example using a milling tool to machine bone or making an tncision with a scalpel,
require a smooth constrained motion to get the best results and much training would

be required for the user to learn to operate the manipulator effectively
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3.2.2 PTER

PTER uses four clutches to control motion {87] Two of the clutches connect each of
the two controllable joints to a zero velocity source A third clutch couples the
rotation of these two joints in one direction, while a fourth clutch connects the rotation
of the two joints mn the opposite direction through a gear train. It was proposed that
when the user applies an input force to the control handle, the voltages suppled to the
clutches could be varied in order to allow motion 1n a given direction PTER uses the
clutches to dynamically generate forces/torques that regulate the joint velocities in an
attempt to make a kinematic coupling between the joints By controlling the clutches,
each joint of PTER is coupled to all others kinematically That 1s if the user forces
motion of one joint the rest of the joints are also forced, using the coupling clutches,
to move 1n a direction that generates motion of the end-effector along the desired path

However, 1t was reported that the method used was found to generate a discontinuous
feel to the movements of the end-effector whilst tracking a circular path  The control
of the mampulator was said to have a large trade-off between improved trajectory
following and smooth performance due to the high-speed switching of the clutches.
Preliminary results from the impedance controller of the redundantly actuated PTER

mechanism showed that the end-effector attained errors in the order of 4mm [88].

323 COBOT

COBOT uses only a steering mechanism to guide the user along a desired path. A
three-wheeled COBOT known as Scooter was designed and implemented to assist in
material handling applications such as loading and unloading of vehicle doors in an
automotive assembly line [89].The vehicle door is loaded on to Scooter at a loading
bay The operator then moves the COBOT 1n the general direction of the target area.
A computer, controlling the steering mechanism of the COBOT, is used to guide the
user to the correct target pomnt where the door 1s fixed to the vehicle. The COBOT
concept was further developed to design a continuously variable transmission (CVT)
[90]. It was proposed that the CVT could be used in a revolute-joint robot mechantsm
to control the relationship between joint velocities. The proposed method is
particularly interesting in that each joint 1s coupled to the next by a drive shaft. By
controlling two rubber steering wheels, the CVT gives the correct velocity coupling
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between the input shafts. Using a CVT at each joint the user can be constrained to
follow a path. The joints of the robot are mechanically constrained to give the
kinematic solution for the required motion, i e by inducing motion in one joint the
user forces the desired motion of other joints More recently a 3-DOF, four link
parallelogram arm using the CVT COBOT architecture has been proposed [86
However, 1t 1s possible for the user to force the drive or steering rollers of the CVT to
slip Therefore each CVT has been designed to be quite large (using a 10 16cm

sphere} Even with this redesign the maximum static loading torque that 1t will endure

capable of resisting approximately 13N of force 1n its worst configuration. Excessive
wear of the rubber steering and drive rollers during normal operation 1s also of

|
|
|
before slippage occurs is quite small. It 1s expected that the arm would only be
concern.
3 2 4. Evaluation of existing actively-constrained devices

Although there has been much research in this particular field, the success of

trajectory following actively constrained manipulators has been limited. The COBOT

principle gives good tracking performance. However, the ability to resist input forces
normal to the path 1s limited, 1 e. application of large mnput forces can lead to the end-
effector leaving the path. On the other hand, while the clutch mechanisms of PADyC ‘
and PTER provide excellent holding torque, sufficient tracking performance and |
smooth operatton has not been demonstrated. In comparison to the COBOT ‘
mechanism PTER provides excellent static holding torque in the order of 407Nm
The performance of PTER is degraded by the stick-slip problems associated with
| clutch/brake systems along with the dynamics of the actuators themselves The
PADyC system has exhibited mechanical problems attributed to backlash and
flexibility inherent in the clutches of the prototype There are also 1ssues regarding ‘
ease of use for trajectory tracking applications In the latest iteration of PADyC a 6- |
DOF SCARA type mampulator has been proposed for cardiac puncture [30].

However, the manipulator is not used for tracking trajectories using multiple axes.
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In the remainder of this chapter an analysis of a 2-DOF revolute-joint manipulator 1s
undertaken. It 1s shown that, for this configuration of passive mamipulator with
dynamic constraints, there are geometric conditions on the direction of the user-input
force that should be applied 1n order to follow a pre-defined path. This method would
allow the manipulator to track the desired path without complex gear and clutch

systems or CVTs that impose a kinematic relationship between each of the joints

3.3. Analysis of a two link revolute-joint robot

Consider the 2-DOF, revolute-joint manipulator shown in Figure 13. The end-effector

15 required to track the path, P{x,y), while the user applies a force F,. The direction
of F, 1s restricted to some specific areas that are described in this section. The torques
7, and r, applied at joints 1 and 2 respectively are generated by the joint actuators.

Ignoring coulombic friction within the joints, it 1s possible to write the equation of

motion for the manipulator as given by equation (3-1).

Y A

Figure 13 - Trajectory Following Using a 2-DOF Manipulator
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M@+Co+V 0=T+J"F, 3-1)
where Mo alm, +(I! +a* +2l,a,cos6, )mi+ 7,+7, {a+la,cos 92_)m2 +J,
(a2 +1,a, cos, Jm, +7, am, +J,

cfe 0] o [-mia (26, +6:Jsm 6,
0 ¢, " m,a,0! s 6,

_[-4sm(0,)-t,sm(g,+6,) -1,sn(6,+6,)
| hcos(d,)+14,cos(6, +0,) I, cos(6, +6,)

T, _ F,
and T=[Tj F"_|:F..,]

m,, J,, [, a, represent the mass, inertia, link length, and position of centre of mass

of link » respectively.

In order for the end-effector to move along the path, the jomnt actuators must each
apply a torque that combine with the user-input force to result in a force along the
desired trajectory The torque applied by each joint can interpreted as a summation of

torques that result in a force -F, (that opposes F,) and another force that is directed

along the desired path, F,,1.e.

T=J"(-F, +F) (3-2)
where {Fk]
F =
" F.

If the manipulator 1s imstally at rest, 1€ @ =0, equation (3-1) may be written as

M@=T+J'F,
=J"F, (3-3)
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The torque, T, that can be provided by the braking mechanism at each jomt is,
however, severely hmited in the following way. If the sign of the joint torque is equal
to the sign of the desired direction of motion of that joint, a motor would be required
to generate the motion However, if the sign of the joint torque 1s opposite to the sign
of the desired direction of motion, a braking force 1s sufficient to control motion Thuis
can also be expressed mathematically by stating that for a passive manipulator,

motton can only be allowed 1f both of the conditions given by (3-4) hold true.

sgn(r,);t sgn (8, ,,) and sgn(rz);& sgn (92 ‘,) (3-4)

where @, is the desired velocity of link »

It 1s possible to divide the workspace of the manipulator into four distinct areas based
on the four combinations of joint velocities Consider the manipulator shown in
Figure 14. Each robot joint is allowed to move in either a positive or negative
direction Motion of the robot end-effector into the area labelled 1 in Figure 14

requires positive motion of joint 1 and negative motion of joint 2, 1e. 4 >0 and
8, <0. Area 2 illustrates negative motiton of both joints, 1e. 8 <0 and 8, <0, and area
3 represents negative motion of joint 1 and positive motion of joint 2, 1.e. 4 <0 and
8, >0. Finally, area 4 represents positive motion of both joints, 1.e. 8, >0 and 4, >0

These four conditions are summarised in Table 1 Intuitively, it may be assumed that
in order to constrain the end-effector to remain along the path by only applying a
control torque with a brake/clutch mechanmsm it 1s sufficient that some component of
the user-input force lies along the path. However, 1t can be shown that although this
15 the case, the conditions to deploy the end-effector along the desired path are more
restrictive and are also dependent upon the position of the jomnts/links and the

kinematic configuration of the robot
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Figure 14 - Areas of motion for a 2-DOF manipulator

Table 1 - Combinations of joint motion

Area of motion 6, 6,
1 + -
2 - -
3 - +
4 + +

Using some examples, 1t is possible to show the conditions under which motion
should or should not be allowed Firstly, the magnitude and direction of the user-input

force, F,, is set to a constant value Then by setting the magnitude of the desired
acceleration force, F,, to a constant and rotating it through 360°, it 1s possible to plot

the joint torque required to generate the acceleration in the desired direction for any

given joint configuration. Consider the manipulator with joint angles of 6 =0 and
6, =x/4 rad and that the user force is directed at an angle y=-7x/36rad (or -35°)

relative to the x-axis as shown Figure 15. Figure 16 shows the graphs of the joint

torques required to cancel the user-input force and generate an acceleration force of
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|F|=1{001~, 1¥, 2N, SN} in all possible path directions Each graph of Figure 16

lustrates the areas 1, 2, 3, & 4 that represent the direction of motion of the joints
The graphs also show the division of the joint torque into four areas (A, B, C, & D) n
a similar manner to the joint directions These divisions are summansed 1n Table 2
It should be noted that the positions of the areas 1, 2, 3, & 4 n Figure 16 do not
change because they are dependent only upon the joint positions. However, as the
desired acceleration force increases the areas A, B, C, & D in Figure 16 do change. A
cross on the x-axis of each graph shows the angular direction of the applied user-mput

force

Figure 15 - Robot configuration for ¢, =0,0, = z/4 and y =-7z/36 rad
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Jont Torque (Nm)

Joint Torque (Nm)

By analysing the torque requirements given in Figure 16 and comparing these to the
desired directron of motion 1t 1s possible to determine whether the torque required to

restrict motion along the path is aiding or resisting motion. Using the conditions
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Figure 16 - Required joint torque for F,=5N, ¢=n/6, 6,=0, and 6,=n/4

Table 2 - Direction of joint torque to balance user-input force

Direction of joint torque 7, 7
A - +
B + +
C + -
D - -
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given by equation (3-4) it must be concluded that, for |F|=001~, motion of the

passive manipulator can only be allowed where the areas A and 1 overlap as shown by
the shaded area in Figure 16a. Simularly in Figure 16b and Figure 16¢, the same
condition must also hold true but for different ranges of path tangents. Figure 16a,
Figure 16b, and Figure 16¢ are also interesting owing to the fact that motion in the
direction of the apphied user-input force 1s not allowed and can only be generated with
the aid of motors. When the magmtudes of the desired acceleration force and the
user-mput force are equal as shown in Figure 16d, motion can only be allowed when
the path direction 1s the same as that of the applied user-input force In fact, it can be
seen from Figure 16d that the only condition under which the user can push along the
path is when the torque required from each joint actuator is zero, 1. the desired
acceleration is exactly equal (both magnitude and direction) to the user-input force.
Hence, applying a resistive torque at the joints to direct the motion of the end-effector
along the desired path is not always possible 1f the user-force 1s directed within a

specific region.

3.4. Conclusions

The analysis of the 2-DOF revolute-joint robot has not included the dynamic forces
induced by joint acceleration and conolis effects. However, it has been shown that in
this simple case, where these forces are small in comparison to the user-input force, it
may not be possible to control the mampulator to follow the desired motion for a user-
input that even lies 1n the general direction of the path. Thus result is significant in the
context of the above-mentioned research. For the 2-DOF revolute-joint manipulator,
it 1s more important to show the user how the force should be applied in order to
achieve the desired motion than 1t is to show where the path hes This problem is
particularly evident in the control method of PADyC where the user 1s required to
'feel’ their way along the path The system suddenly changes from being a free pin-
joint mechanism 1nto a ngid body and 1t is the user that 1s required to calculate and
supply a force that compensates for this  Such a problem can be avoided by showing

the user the computed direction of the force.
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The kinematic configurations of the mampulators depend on the application.
However, 1t is often possible that different configurations could be used Based on the
analysis of the 2-DOF revolute-joint, it is possible to avoid the problem described
above by redesigning the kinematic configuration of the manipulator when possible.
For passive deployment it is best to use a combination of prismatic and revolute joints
with 1ntersecting joint axes, i e. the joint z-axis In this way the joint motion can be

constrained independently, thus avoiding the deployment problem described above.
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Chapter 4 Mechanical Design of a Prototype Robot for

Passive Deployment Applications

4.1. Introduction

It has been shown in the previous chapters that the design of the joint mechanism and
choice of actuators is critical to the overall safety design of the manipulator. In
particular, the backdriveability of ACROBOT and the nonlinear clutching system of
PADyC have been shown to present considerable problems in the areas of both safety
and control. One of the design criteria of such a safety critical system is to ensure that
the manipulator can mamntain a destred position even under large external forces from

the user with little or no power from the actuators.

It has also been shown that there are serious control issues in the use of brakes and
clutches for a mechamism that 1s required to follow a given path. Therefore, by
selecting a non-backdriveable gear train, the position of the end-effector can be
maintained with little or no power from the drive actuator(s) By selecting a surtable
control strategy (based on the results of the previous chapter) the end-effector can also
be forced to track the desired path when the user-input force is in a specific direction
The deployment of the end-effector using the proposed system and control strategy is

without risk to the user

The proposed joint mechanism, shown schematically mm Figure 17, consists of two
worms each dnven by a low power DC servomotor. The two worms follow a worm

wheel that 1s fixed to the robot link The user provides a force, F,, on the end-

effector and motion is allowed by controlling the two worms simultaneously. The
non-backdriveablility of the worm 1s achieved by the choice of lead angle, y, which is
less than the angle of friction [91] That is

y<tan™ u (F-1)
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where u is the coefficient of friction In the case of a friction coefficient of =01, »

must be less than 5.71°. Therefore by selecting a worm with a lead-angle of 3 48° the

mechamism is assured to be non-backdriveable for x> 0061. Therefore no matter how

much force the operator applies, motion is not allowed until both motors are
controlled to move 1n the opposite direction In Figure 17 the user-input force 1s

shown as a torque r, which 1s derived from the user-input force and the length of the
link. The torque applied by the two worms « and P are indicated as r,, and 7,
respectively

Applied
user-mput

wworm ' i | B-worm
\ | A | [

OR

@

NS

T \ Tmp

Worm wheel

Figure 17 — Dual-worm drive joint

The parallel nature of this redundantly actuated joint structure makes this active
system safer than modified mdustnal robots If there was a fatlure, both motors
would have to drive 1n the opposite direction for any motion to occur However, if
this failure occurs, motion of the end-effector would be slow, due to the high gear

ratio giving the operator plenty of time to react, e g. to release a dead-man’s-handle

The remainder of this chapter is dedicated to a discussion on the issues of backlash

cancellation and design of 1-DOF and 2-DOF planar robotic manipulators A control
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handle with integrated pointing mechanism 1s also presented n order to indicate to the
user the direction 1n which a force should be applied to accomplish the desired task. It
is believed that this method of indicating to the user the direction the force should be

applied with a control handle 1s novel

4.2. Backlash cancellation

In gear system design, a small amount of backlash 1s required in order to allow for
thermal expansion, lubrication, and achieve acceptable frictional losses within a drive
train [92] In many applications large gear ratios are required which can mean that
multi-stage gear trains are necessary This can increase the effects of backlash In
many robotic applications, even very small amounts of backlash can cause errors in
position that are not acceptable in demanding applications such as surgery. For
example, 1f a single link of a robot arm exhibits +0 0087 rads (or +0.5%) of backlash
there will be an error of £3.5mm at the end of a 0.4m link. In order to reduce the
backlash to an acceptable level, gear train housings must be manufactured to high
engineering tolerances This 1s expensive both in terms of the machinery required and
time taken for manufacture A common solution to this problem 15 the use of
harmonic drives. Harmonic drives have excellent properties mn terms of robotic
systems with Iittle and high efficiency. However, this type of gear system 1s
reversible (or backdriveable) and therefore 1s not suitable for this application Another
solution would be to use anti-backlash gears, readily available from many gear
manufacturers. However, these anti-backlash gears are spring-loaded systems and
still allow relative motion between input and output shafts under certain loading

conditions.

The dual-worm mechanism presented here has the ability to minimise backlash using
a control strategy that is discussed in later chapters. Control of the gear system must
be robust against the non-linear effects of inertia and frictional forces at the

worm/wheel interface

The mechanmism has been presented here as a revolute joint for a low power robotic

device. However, with suitably large actuators driving the o and  worms, the gear
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system could be used for almost any application which would require non-

backdriveability

4.3. Robotic Joint Design

The development of the design for the robotic joint has been a three-stage process.
Firstly, a I-DOF prototype system was built with only a single worm 1n order to test
the principle of operation Good results were achieved that helped gain confidence in
the mathematical model The attachment of the worm wheel to the main shaft proved
problematic Loosening of the wheel from the main shaft was unavoidable using grub
screws and a taper pin 1n the oniginal design as shown 1n Figure 18a. A better design
was implemented as shown in Figure 18b. A redesign of the main shaft made 1t
possible to machine a hub with a flange at one end. The worm wheel could then be
rigidly fixed to the hub using three axtal cap screws. A locating hub is used to ensure
concentricity of the worm wheel. The component and assembly diagrams are

included in Appendix D Figure 19 shows the dual worm-driven joint.

Cap Screws
Main Shaft
Worm Wheel Grub Screw E Eﬂ Dowel Pin
D i i
.  S— .¢"=>‘:Dd:¢" Worm Wheel
Taper pin T I
Grub Screw G2 Shaft Flange
Locating hub
Main Shaft

Figure 18 - Methods of fixing the worm wheel to the main shaft
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Figure 19 - Worm driven joint

4.4. Two degree-of-freedom manipulator

The 2-DOF manipulator simply consists of two 1-DOF mechanisms connected in
series. The 2-DOF manipulator is shown, with a control handle, in Figure 20. The
sensors and actuators used in the design of the manipulator are discussed in Section

4.5 and the design of the control handle is discussed in Section 4.6 below.
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Figure 20 — 2-DOF maniplator with control handle

4.5. Sensors and Actuators

4.5.1. Worm Drive Motors

One of the original considerations was to use a stepper motor to drive each of the
worms. One particular advantage of using stepper motors is safety, because the motor
cannot 'runaway' if an electronic component in the amplifier fails. However, intial
trials with such motors revealed that a discontinuous motion of the joint was apparent
to the user. It is also difficult to control the torque applied by a stepper motor. In order
to keep the mechanism as safe and as small as possible low power DC servo-
motor/geabox combination from Faulhaber DC Motors were chosen [93]. The

original choice of motor/gearbox, a 12 volt, 3.27W motor (Part #: 2230T012S) with a ‘
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43 1 planetary gear-head (Part #.23/1), was found to be suitable for applications
where the user-input torque did not exceed 10Nm  The unit was capable of providing
a torque of 0.8Nm at the output of the gear-head taking into account the gearbox
effictency However, although control of the robotic joint was successful with this
umt, as shown by the simulation and experimental results in Chapter 7, in order to
successfully implement a 2-DOF manipulator more powerful, 12 volt, 6 5W motors
(Part # 2842S012C) were used with the same 43.1 planetary gear-head. The
selection of these motors was based on the need to be able to overcome friction in the

worms under a 50Nm input-torque from the user.

4.5 2 Position Measurement

The rotation of each joint was measured using 5,000 pulse encoders from Hengslter.
Using the HCTL-1100 Motion Control Interface of the Single Axis Motion Control
Interface Card, see Chapter 5, the quadrature encoder signal can be decoded to give

20,000 counts per revolution.

4 5.3 Dynamic Torque Measurement

In order to control the manipulator measurement of user-input force 1t is required both
to generate a velocity command for the manipulator and to compensate for the friction
forces in the mechanism. The ACROBOT system uses a control handle mounted
with strain gauges designed to measure the user-input force at the end-effector as
shown n Figure 21. Getting an accurate measurement of the force acting on the
manipulator could be difficult using this control handle, ie it 1s possible to get

erroneous measurements  If the user were to apply the same force, F_, to the control

handle 1n two different places as shown in Figure 21a, the strain gauges would convey
two substantially dissimilar readings Therefore, as / is vanable the user force
obtained by the strain gauges is ambiguous Similarly, 1t would also be possible for
the user to apply a pure torque to the manipulator control handle as shown n Figure
21b. Although it 1s possible to obtain an accurate reading of user-mput force direction
the measured magmtude is dependent upon where the user grasps the handle This

would generate an incorrect force reading within the calibrated system. In terms of
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the force-controlled ACROBOT system this is could be a sigmficant problem. For the
worm-driven joint mechanism it will be necessary to accurately measure the torque
applied to each joint 1n order to compensate for the effects of the friction forces acting

at the gear interface

A < >

Strain gauges

(2) (b)

Figure 21 - ACROBOT Control Handle

For this reason the preferred method is to measure the strain in each link as shown in
Figure 22 The placement of the strain gauges 1n this way has the distinct advantage
that a more accurate bending strain of the link can be obtained Assuming that the
user is grasping the control handle, the distance to the point of application of the user
force 1s always constant ensuring that an accurate calibration can be performed It
will be shown 1n Chapter 10 that another advantage of measuring the bending strain of
each link is that the non-linear dynamics of the system (coriolis and centrifugal
coupling force) are measured by the strain gauge modules and do not need to be
explicitly calculated However, it should be noted that by measuring the joint torque
in this way it is assumed that the link must bend in order to be able to measure the
strain, i ¢ adequate compliance 1s necessary. Similarly, if the link is not rigid enough
this could lead to (un-measurable) errors in the end-effector position. The photograph

of Figure 23 shows the strain gauge module in more detail
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— Control handle

A

Strain gauges

Figure 22 - Force measurement for the worm-driven manipulator

Figure 23 - Strain gauge module
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4.6. Control Handle

It was mentioned in Chapter 3 that it would be necessary to provide the user with
information on how to apply a force to the end-effector. Many surgical assistant
systems use computer graphics to relate information to the surgeon. However, this
can be distracting for the surgeon because of the need to be able to focus not only on
the task in hand but also on the monitor that is giving directions. The use of a
graphical interface in this manner requires the surgeon to transform mentally the
information provided on the screen to the real-world system. This may not always be
innate and would increase the time required to complete a task, contradicting the

purpose of developing the manipulator in the first instance.

To overcome these problems, a control handle is presented here that incoporates a
mechanism for informing the surgeon about the direction that the user-input force
needs to be applied in order to allow motion. The direction indicator mechanism is
mounted inside the control handle. Figure 24 shows a schematic diagram of the
control handle. The handle consists of four main components: base unit, motor with
integral encoder, direction indicator, and rotating grip. The direction of the indicator

is calculated based on the user-input force and path direction.

Direction
Indicator

Motor and
Encoder

Rotating grip ~—

Control handle
base unit

Manipulator

Figure 24 — Manipulator Control Handle Schematic
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Mounting the indicator at a similar position to the robot end-effector has two distinct
advantages.  Firstly, the surgeon does not have to perform a co-ordinate
transformation from the direction indicator to the real-world system. Secondly, the
indicator is mounted in such a position that it can always be seen without large head
movements and change of visual focus. This should help to reduce the need for
training in the use of the manipulator and the speed at which operations can be
performed. Figure 25 shows a close-up view of the control handle mounted on the
robot. The motor, not shown in Figure 25, is a Faulhaber Minimotor (Part #:
1524T012SR) mounted with a 512 pulse magnetic encoder (Part #: [E2-512). Using a
HCTL-1100 Motion Control Interface it is possible to decode the two channels to give
2048 counts per revolution. The control handle is shown in more detail in the

assembly drawing of Figure 26.

Figure 25 - Control handle and pointer mechanism
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Figure 26 - Control handle assembly drawing
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Chapter 5 A Mechatronic Workstation for Real-Time

Control Development

3.1, Infroduction

This chapter details the experimental hardware and software that has been used in
order to control the deployment of the manipulator end-effector. The system 1s shown
to be controlling the dual-worm joints of the manipulator, but can be used to control
most electro-mechanical system given the correct power electronics.  The
computational workstation comprises an windustrial single-board PC running the QNX
4 25 real-time operating system (RTOS) Potentially, the computer can be fitted with
any commercial data acquisition hardware However, as part of this work a Single
Axis Motion Control Interface has been developed using HCTL-1100 Motion
Controller devices from Agilent Technologies All of the control algonthms

described in this work have been developed and implemented using this workstation

5.2. System Overview

One of the major problems in designing control systems is implementing real-time
data capture and control Many PC based control solutions involve the use of
expensive digital signal processing (DSP) interface cards. This problem has been
overcome in this instance by using the QNX4 25 RTOS from QNX Software Systems
Ltd [94]. Unlike the QNX operating system, the Microsoft Windows operating
system (OS) 1s designed to control and give priority to systemt hardware As a result
the interrupt latency, the time taken from the interrupt being triggered to the time
when interrupt routmne execution begins, 1s undefined Another advantage of using this
particular operating system is that QNX is packaged with a windows-based
environment, which allows for the design of an attractive graphical user interface
However, unlike MS Windows 98/NT where nterrupts (and 1n the case of NT low-
level input/output (I/O)) are hidden from most users, this RTOS enables the user to

program using interrupts and perform I/O without writing complhcated device drivers
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The RTOS runs the control development software on a Pentium 233MHz single-board
computer (SBC) from Professional Industrial Solutions with 64Mb of RAM that
guarantees a response to an externally generated interrupt 1n under 4uS  The SBC is
housed in an industrial rack-mounted case  All of the necessary low power
electronics to read encoder positions, capture analogue/digital data and generate motor
command signals have been designed and housed in this unit The electronic
hardware consists of a number of Single Axis Motion Control (SAMC) interface cards
(described below) A PCI4AT interface card from Amphicon is also used to generate
the interrupt signal required for the control software. Figure 27 shows the system
being used to control the 2-DOF robotic system with five SAMC interface cards.
However, 1t must be noted that the same system could be used to control a 6-DOF
robotic manipulator Each Axis Control Interface controls a joint actuator and obtains

sensor information for that joint

Control handle and
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Figure 27 - Manipulator control system overview
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The rack-mounting case is shown in Figure 28. The Single Axis Motion Control
Interface Cards are shown in situ along with the Amplicon PC14AT and Pentium

233MHz SBC.

Pentium 233MHz

Single Board PC

Single Axis Motion

Controller Interface Cards o

Figure 28 - Motion Control Computer

5.3. Single-axis motion control interface

As part of this work it has been necessary to develop a motion control interface. An
EISA interface card has been designed to be versatile, i.e. drive and control not only
the DC servo-motors of the dual-worm joints but also stepper and brushless DC
motors. The interface card, produced on a double-sided printed-circuit board using
the plated-through-hole technique, has been manufactured in this department. The
interface card. incorporating the HCTL-1100 motion control interface (Agilent
Technologies) [95]. has been designed to generate the low power digital and analogue
signals required to drive the three types of motor described above. The following list

describes the attributes of each single axis controller:
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e HCTL-1100 for controlling motors in one of four modes:
1. Position Control,
2. Proportional Velocity Control,
3. Proportional + Integral Velocity Control, and
4. Trapezoidal Profile Control.
e Incremental Encoder Decoding Hardware (HCTL-1100)

e 8 channels of 12 bit analogue input.

e 8 digital inputs.

o 8 digital outputs.

e | channel of 12 bit DAC output.

e | channel of 8 bit DAC output, HCTL-1100 motor command port.
e PWM motor command port.

e Stepper/Brushless DC motor command port

Figure 29 shows a block diagram of the interface. The interface card can be installed
on any IBM compatible PC with an EISA bus. Figure 30 shows the completed
interface card. A user manual, containing information for building and using the
single-axis motion control interface is included in Appendix A. The user manual also
contains information on the software libraries that have been provided for C and C++

programming environments.

67



Mechatronic Workstation for Real-Time Control
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Figure 29 - Single Axis Motion Control Interface Card Block Diagram
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Figure 30 — Single Axis Motion Control Interface Card
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5.4. Power Electronic Interface

In between each motion control interface and the actuators of the mechanism that is to
be controlled, there exist some electronic hardware for amplification of
analogue/digital signals and isolation of the low-power digital computer signals. As
part of this research it was also necessary to design a DC servo amplifier card that
included a current sensor. The circuit diagram for the DC servo motor amplifier is
shown in Figure 31. The circuit includes a power supply filter and a Honeywell
CSNE151-005 current sensor for monitoring armature current. The isolated signal
from the current sensor is fed back to the SAMC interface card via channel 0 of the
analogue input interface. To allow for further flexibility and the implementation of
more complex control strategies than the HCTL-1100 can provide. a jumper is
provided that has the ability to switch motor control between the analogue output of
either the DAC-312 or the HCTL-1100 motor command port. The DC servo motor

amplifier card is shown in Figure 32.

Figure 31 - DC Servo Motor Amplifier Circuit Diagram
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Figure 32 - DC Servo Motor Amplifier Card

To minimise the effect of noise the power electronic interfaces and isolation boards
are housed separately from the PC as shown in Figure 33. Detailed diagrams of the
internal and external connectors associated with the power interface are included in

Appendix B.

Figure 33 - Power electronics and opto-isolator cards
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5.5. Control Development Studio

The QNX RTOS has a window-based environment, known as Photon, which can be
used to generate attractive graphical user interfaces. The Photon application builder
was used to create a generic control program that is used to automatically generate
sub-programs that run the real-time control loops. This section is dedicated to
describing the operation of this software known as the Control Development Studio
(CDS)

3.5.1. Description

The CDS software 1s an environment in which the user can develop, debug and run
control algorithms in the C++ programming language. CDS loads and runs a selected
control program, communicating between the user and the control program. The
developer, by implementing some of the functions provided by the CDS, can allow
the user to change control variables, log control data such as position and error,and

inform the user about the state of the control program for debugging purposes

A screen shot of the CDS User Interface 1s shown tn Figure 34 below The window

displays four main features:

Log message window - used mainly for displaying debugging information.

2. Log Varables window - used to display buttons that control the display of data
in the graph window.

3. Control Variables window - used to display the status of all adjustable
parameters.

4. Graph window - displays the selected logged variables on a time base

The programmer of the control software regulates the variables that are to be logged

and those that are to be adjusted by the user with the C++ functions described below
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Figure 34 - Control Development Studio screen shot

3.5 2. Principle of operation

The CDS program allows control algonthms to be developed as plug-n utilities. The

matn CDS application is used to log data about the control program. A block diagram

of the communication between the CDS and the control process is shown in Figure

35 The processes exchange data using two forms of inter-process communication

(IPC). Messages are used to pass intialisation data and switch the control mode
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between running and 1dle states The QNX messaging system means that the process
sending the message waits for the receiving process to acknowledge receipt. This is
not an effecttve method of implementing data logging functions such as the one
required here Hence a form of asynchronous IPC 1s used known as a "photon
pulses” A pulse 1s similar 1n effect to a software interrupt, the process receiving the
pulse 1s informed that an event has occurred, in this case that some data is ready for
processing Using a data stream, known as a pipe, information such as logged data or
messages can be sequentially fed down the stream by the contro! process and read at
the other end by the CDS The CDS only processes the data as and when 1t has the
processor time to do so No data 1s lost, even if the CDS cannot keep up with the
control program. Care should be taken when designing a control to minimise the

sampling frequency for data logging so that memory for system processes 1s

preserved.
fQNx RTOS )
Control

CDS process
PR R —
{ Eloeem .
e —_— Hardware
|2 27T Message il Interrupt
; _-—_— — !‘_________’
P !
| ; o Pulse /‘— Hardware 1/O or
; [ 4 \l_ other processes (IPC)
| T T T

(N J

Figure 35 - Control Development Studio mode of operation

73



Chapter 6 Mathematical Mod el of the Dual-Worm Driven

Joint

6.1. Introduction

In Chapter 4, a robot joint architecture designed to cancel backlash was presented In
this chapter a mathematical model of the mechanism is presented that will be used to
develop a computed-torque and composite adaptive control schemes for path tracking

applications

6.2. System Analysis

Analysis of the dual-worm mechanism 1dentifies four separate cases of contact
between the two worms and the worm wheel The first of these four cases (case I},
shown 1n Figure 36a, represents the worm wheel in contact with the leading edges of
the thread of both the oo and B worms In this condition the two worms cancel
backlash. Figure 36b shows the second case (case II) where the worm wheel is 1n
contact with the trailing edge of the thread of the a-worm and the leading edge of the
thread of the B-worm. This situation is highly undesirable in terms of positional
accuracy, as backlash 1s not cancelled The third case (case III), illustrated Figure
36¢, shows the traihing edges of the thread of the two worms 1n contact with the worm
wheel. Backlash is cancelled 1n this condition Finally, Figure 36d (case IV), the
leading edge of the thread of the a-worm and the trailing edge of the thread of the [3-
worm are shown 1 contact with the wheel As in case II, backlash 1s not cancelled in
this condition. Therefore, backlash is minimised if either case I or case III is
continuously maintained In order to simplify the model, a control strategy 1s chosen
that will maintain the conditions required for only case I. The mathematical model for

case I is presented here, the derivation for all cases is included in Appendix E.
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Figure 36 - Dual-worm joint modes of contact

6.3. Mathematical Model

Each of the three gears can be modelled as a plane inclined at an angle equal to the
lead of the worms A free-body diagram for case I 1s shown mn Figure 37, where the

upper wedge represents the a-worm, the middle wedge represents the worm wheel,

and the bottom wedge represents the B-worm In Figure 37, the terms M,, M_, and
M, represent the equivalent mass of the worm-wheel inertia, the o-worm and B-worm
respectively. Similarly the terms C,, C,, and C, represent the equivalent viscous
friction present in the worm-wheel, a-worm and (-worm systems. The forces F,,

F.

g

F,

S ?

F,

‘a?

and F, refer to the equivalent user-input force applied to the end-

effector, the contact force between the a-worm and worm-wheel, the contact force

between the B-worm and worm-wheel, the friction force at the a-worm and worm-
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wheel interface, and the friction force at the B-worm and worm-wheel interface

respectively.

Figure 37 — Free-body diagram of worm drive joint: Case I

Using Figure 37, 1t 1s possible to write the dynamic equations of each wedge as
equations (6-1), (6-2), and (6-3), respectively. The friction forces, F, and F,,
between the two worms and the wheel are modelled using an exponential stick-slip
friction model [96, 97] given in equations (6-4) and (6-5), respectively In order to
simplify the model 1t 1s assumed that neither the a-worm nor B-worm loses contact

with the worm wheel,1e F,, 20 and F,; #0

M x+Cx=F,—F, siny-F,_cosy (6-1)
M,z+C,2 = F,+ F,, cosy - F\,, smy — F,, cosy + F,, siny (6-2)
M,y+C,y=F,+F  siny—F,cosy (6-3)

-
Fo =\t +{, — 11, )™ [sen(x)F,, (6-4)
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{p f +(p }ulwk‘“’

Substitution of , (6-3), (6-4), and (6-5) into (6-2) yields

Jsgn(y) (6-5)

F,-Mx-Cx F,-M,y-Cpy

M,z+C,z=F,+ - a, (6-6)
where
e bl
smﬂ[pw e, -y,,u)ew]sgn(x)cosy ey —{ 1+ (1, -1, ] Jsgn(y)eosy
A = A =
o i B i]_
cosy — [ﬂ,,., +(pt, = 1, )™ ]Sgn(x)sm y cosy + [mp T TN ] sgn(y)sm y

Converting from the unwound threads to the rotational system by replacing F,, F,,
F,M,M,, M, C,, C, C,, z, x, and y 1n equation (6-6) with r,_/r,, Tos[Tss
t,fr,, i, Jfr. J ., Clrl, Cuflr, C,frh, o, &,/tmy, and &, /tany

respectively yields

v, Tl
J,6+C0=r, g lmlo | Cuile
Ar, A, (6'7)
b J 2 C C 2
where Jr=[ I, + oo, e C, =|Cp+ /o + f”’”
Aritany  Ayr tany Arltany A,r, tany
and
- -f]
Sy +| M, + (Jum — Hia )essmr sgn(t?)cosy SNy —| Hy t (ﬂ;p _ﬁdﬂ}zm” Sgl’l(g)cosy
A, = A, =

44 4

8
cosy — [#,,,. e, — a1, )™ ]Sgn(ﬂ)sm 7 cosy + [ﬂw + (u #,ﬁ)e“'"’ J sgn (9)5m 14

For simulation purposes, 1t 15 necessary to ensure that there is no motion until the
motor torque of erther the a-worm or the B-worm exceeds the static friction forces
Figure 38a shows how the friction forces act on the three wedges during motion of the
wheel 1n the anti-clockwise direction (indicated as o-unwinding) and Figure 38b
shows the orientation of the forces during motion of the wheel in the clockwise

direction (1ndicated as p-unwinding).
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From Figure 38 1t 1s possible to express the equilibrium conditions in the anti-
clockwise direction, equation (6-8), and clockwise direction, equation (6-9) In Figure

38, u,F,, and u,F, are substituted for £, and F, respectively. In Figure 38 the
magnitude of the static friction forces £, and F, are equal to ux . F,, and u,F,
respectively The direction of 7, and F,, are defined by whether a-unwinding or f3-

unwinding motion is about to occur.

Frg Frp .
sp
Fﬂ‘;& Fp Fg
& —> ® —
7 7
(a) c-unwinding (b} B-unwinding
anti-clockwise motion of the wheel clockwise motion of the wheel

Figure 38 - Freebody diagram of static conditions

"+ F, (cosy + p5, 510 J’)+ F, (cos;r ~ Hy SN 7) -0 (6-8)
(siny-p, cosy) *lsmy+pu,cosy)

F+F, (cosy — u,, sny) +F, (‘3057 +H, SN 7) -0 (6-9)
(sny+p, cosy)  #{smny—p,cosy)

Using equation (6-8) for the system of unwound threads, motion of the wheel in the
anti-clockwise direction will occur if the condition given by equation (6-10) 1s

satisfied. Equation (6-11) gives this condition for the actual rotational system.
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Foo_p SN7-a, cosy)  lmy-p,cosy) (cosy -y smy)
¢ " (cosy + s, sn y) ? (cosy + p,, smy) (sm;v +H, cosy)
) )
) )

<0 AND F,<0 (6-10)

Tao % SNy —p, 008y) Ty fsny-p, cosy (cosy - s, sy

e <0 AND r,<0
r, r, (cosy + p;, smy) r, (cosy +u, smy (sm ¥+, COS Y

(6-11)
Similarly, using equation (6-9) for the system of unwound threads, clockwise rotation
of the wheel will be allowed 1f the condition given by equation (6-12) is satisfied

Equation (6-13) gives the same condition in terms of the actual rotational system

F,>-F (Sm?_”‘”cos”)—F (s = uy c057) (eosy —p, sn7) .o AND Fo>0 (6-12)

d ‘ (cosy + 1, 510 y) ¢ (cosy + p,, SIN ;v) (siny+ gz, cosy)

r,. lony - u,cosy) (cosy - g, smy)

s  _L (sm}' —H,CO8}
g r, {cosy +p, smy) (smy + 1, cosy)

>0 AND >0 (6-13)
r, (cos ytugsiny

)
,, )

This model given by equation (6-7) will be used 1n subsequent chapters to develop

suitable control algorithms for the joint mechanism
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Chapter 7 Computed-Torque Control of a One Degree-of-

Freedom Worm Driven Manipulator

7.1. Introduction

In this chapter, a strategy for the control of a 1-DOF worm-driven manipulator 1s
described The computed-torque control strategy ensures safety of the user and
cancels backlash The control algorithm is shown to be effective in tracking a desired
joint position generated from a velocity determined by the direction and magnitude of
the user-input force Simulation and experimental results are shown that illustrate the
ability of the algorithm to make the end-effector track the trajectory. The results of the
dual-worm mechanism are compared with those of a mechanism that includes only a

stngle worm to highlight the success of the backlash cancellation strategy.

7.2. Control Strategy

The aim of the control algorithm 1s to make the mampulator track a desired position
command whilst cancelling backlash at the worm interface. In order to ensure

surgeon and patient safety the joint control and deployment strategy must not allow:

(1) any motion against the user,

(i1) any motion without direct control from the user,
(iti)any backlash at the worm/wheel interface, or
(1v)any motion caused by excesstve user input-force

To this end, effective control of the dual-worm mechanism requires two algorithms.
In the clockwise direction (1e the user-input torque r, >0) the motor command

voltage for the o-worm 1s set to a constant value and the B-motor torque, r,,, 1s

controlled to unwind the $-worm to track the trajectory. In this condition the p-worm

leads and the o-worm 15 used to follow the motion of the worm wheel without
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applying unnecessary frictional forces to the system Control of motion in this manner
shall be termed B-unwinding control However, 1n the anti-clockwise direction (1.e.
r, < 0) the f-worm motor command voltage is set to a constant value and -, is used
to control the unwinding of the a-worm to track the trajectory This is termed -
unwinding control. In this instance, the a-worm leads and the B-worm follows. This

dual-control strategy is shown to work well.

For the purpose of this preliminary work the desired velocity is proportional to the

user-input torque. That is

6,=K.r, (7-1)

where X, could be chosen as a function of position 1n order to restrict motion. For a

manipulator with more than 1-DOF, this velocity-hmuting algorithm would be used to
constrain the user to remain along/within a pre-defined path/region within the robot's

workspace.

7.3. a-unwinding control

The o-unwinding control law regulates the unwinding of the a-worm to follow a time
varying trajectory. The error between the desired position and the actual position of

the system is defined as

e=6,-0 (7'2)

From equations (6-7) and (7-2) 1t is possible to derive the tracking error dynamics
given by equation (7-3)

T,
e=0, a C,0—1, —tnalo Ty
J; A, Ay

a'a

(7-3)
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Using feedback linearisation, r,, can be chosen to cancel the dynamic effects of

na

friction and the inertial forces r,, is obtamned as given 1n equation (7-4) where A_,

-

A,, G, ,and J, are the estimates of A,, A,, C,, and J, , respectively
A - [ ~ T, a%
T, = Tl Jyu, +J,0,+C,0 -1, -—2=
Te A,

(7-4)

In equation (7-4) the control #,is chosen to drive the error to zero and ¢, is the

measured -motor torque Convergence of the error to zero 1s achieved using a

Proportional+Integral+Derivative (PID) control law, equation (7-5).

u, =K e+K, e+K, [e dt (7-5)

It is important to note that if the components of equation (7-4) are not known exactly
the system parameter estimates may be inaccurate and without the integral term 1n

equation (7-5) there may be a non-zero steady-state error

7.4. ~unwinding control

A computed-torque controller for unwinding the B-worm can be found in a similar
fashion as 1n section 73 Equation {6-7) can be used to derive the B-motor torque as

given 1n equation (7-6)

L

Al . .
r, =2 (Jruﬂ +J.8,+Co-1, -if:iJ
i r.a, (7-6)

In this case the control u,1s chosen to drive the error to zero and r,, is the measured

o-motor torque Convergence of the error 1s achieved using the PID controller of

equation (7-7)

uy=K,e+K e+K [e dt (7-7)
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7.5. Experimental Set-up

A schematic diagram of the control system for a 1-DOF worm-driven joint is shown
m Figure 39. The a-unwinding and B-unwinding control algorithms require
measurements of motor torques, user-input force, and position. The user-input force
is measured using four strain gauges, in a Wheatstone bridge configuration, mounted
on a specially designed section of the link The 3 27W geared DC motors are capable
of producing 0.8Nm of torque at the output of the gearbox Closed-loop regulation of
the motors output torque 1s accomphished by measuring the armature current and
implementing a digital PI (Proportional+Integral) controller. All analogue signals are
measured and generated using 12-bit analogue-to-digital converters and 12-bit digital-
to-analogue converters The link rotation 15 recorded using an encoder and
appropriate electronics to generate 20000 counts per revolution, giving a resolution of
0.0003142 rads/count (or 0 018°count). The encoder position is read as a 24 bat
number from an HCTL-1100 Motion Control Interface The frequency of the control
loop is set at 600 Hz and Iink rotational velocity measurement is obtained in software

by using a backward difference algorithm

Power Current
Amplifier Measurement

User-Input
Force

4

Personal Computer
QNX RTOS

/O Interface Card

/0 Interface Card

Stran Gauge

[
Amphfier '\
Encoder Strain Gauges

Figure 39 - A schematic overview of the 1-DOF control system
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7.6. Results and Discussion

For the model, given by equation (6-7), and the controllers of equations (7-4) and
(7-6), the estimated values of the system parameters are given mn Table 3. The values
of inertia were calculated from the joint geometry, the worm and worm wheel
dimensions are assumed to be the pitch centre diameter of the respective gears, while
the friction coefficients were determined experimentally. It should be noted that there
will be vanations in the friction coefficients due to temperature and wear. These
variations may affect the implementation of this system m a multi-DOF robot.
Therefore, the robot control system should be calibrated to update the estimates of the
friction coefficients periodically, or whenever tracking performance 1s degraded. This

could be done automatically.

7.6 1. Simulation results

In order to test the performance of the contro! strategy and algorithms an
implementation of the model, given by equation (6-7), was developed using
MATLAB and SIMULINK Using the values in Table 3 and assuming that the
control algorithms had exact knowledge of these parameters. Figure 40 shows the
results obtained from the simulation. The user-mput which was applied to the system
is given by equation (7-8) below and 1s shown 1n Figure 40b Figure 40a shows the
desired position generated from the speed demand, where ¢, 1s given by equation
(7-1) with k, =001 Sufficient tracking performance was achieved using the gains
given 1 Table 4 The graph of position error given in Figure 40c highlights this
Figure 40d and Figure 40e show the applied a-motor and f-motor torque used to track

the desired trajectory

7, =25 sgn(sm(0 5¢)) {tanh(3cos(r))-1) (7-8)
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Table 3 - System

parameters

Worm wheel

a-worm

B-worm

Inertia

Jo=0 062833 Kg m®

J,=0 002855 Kg m*

Jp=0 002855 Kg m*

Viscous Damping

Cp=0.005 N.m.s/rad

C,=0.001 N.m.s/rad

Cp=0 001 N.m s/rad

Gear geoemtry re=0 025 m =0 0065 m rp=0.0065 m

Static Frictron Use=0 12 nse=0.16
Dynamic Friction Nie=0.10 pap=0 14
Friction Constant £=0 001 g=0 001

Worm lead angle

vy=0 06071 rad

¥=0.06071 rad

Table 4 - Simulation gains

Control Direction | Proportional | Integral Derivative
a-unwinding Kpe=5000 Kae=1000 Kae=100
B-unwinding Kpp=5000 Kqp=1000 | Kg=100
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Figure 40 — Dual-worm joint simulation results

7.6.2. Experimental results

The expenmental results for a joint with a single worm are compared with those of the
dual-worm mechanism to illustrate backlash cancellation In both experiments the
trajectory 1s generated by manually applying a force to a control handle attached to
the robot link The velocity demand 1s generated based on equation (7-1)
where K, =001. The desired velocity is then digitally integrated and differentiated to
give the desired position and desired acceleration, respectively. Figure 41 presents the
results for the single-worm mechanism. Figure 41a shows the actual and desired
position generated from the user-input force of Figure 41b. Figure 41c displays the

time history of the error during the movement and Figure 41d illustrates the motor
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torque used to drive the ¢-worm It can be seen from Figure 41c that the change in
direction of the user-input force causes large position errors in the order of +0.01rads
(or £0 57°) These errors are attnbuted to the backlash between the worm and worm

wheel present 1n the single-worm system
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Figure 41 - Single worm joint experimental results

Figure 42 presents the experimental results of a similar motion to that of the
simulation as given by Figure 40 with the dual-worm mechanism Figure 42a shows
the desired and actual positions of the joint The torque generated by the user-input
force is shown mn Figure 42b, and the positron error 1s illustrated in Figure 42¢. It
should be noted that the graphs of actual and desired positions in Figure 42a are
indistinguishable because the error (shown m Figure 42¢) is very small Figure 42d
and Figure 42e also show the motor output torque for the o and B motors,
respectively It is possible to see from Figure 42¢ that the backlash in the mechanism
has been cancelled and the overall error has been reduced to less than +£0 0015rads (or
+0.086°).
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Tests have also been carried out to determine how the tool-tip position 1s affected by

an external input from the user when the joint is stationary. It has been possible to

measure two different sources of error. flexibility of the link and shaft and also end-

float of the worm due to limited pre-loading of the worm angular contact bearings.

Table 5 shows the deflection of the tool-tip due to the two kinds of error for user-input

forces of 10N and 20N applied at the tool tip This error was measured at the

extremity of the link, a distance 0.4m from the centre of rotation Although this 1-

DOF robot does exhibit a total deflection 0 4mm of error per 10N of user-input force

is not considered excessive when compared to similar devices However, mcreasing

the stiffness of the system could further reduce the link and shaft flexibility
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Table 5 - Static error measurements

Deflection from zero (mm)

Applied | Total | Due to end-float | Due to link/shaft
Force In worms flexibility
10N 0.36 0.16 020
20N 0.74 0.32 0.42

7.7. Conclusions

A suitable control scheme to force the dual-worm mechanism to track a trajectory has
been derived based on a mathematical model of the system A computed-torque
control algorithm has been shown to give good results whilst tracking a trajectory
generated from the measured user-input torque The control algorithm has been
effective in cancelling backlash and compensating for the non-linear effects of friction

generated at the interface of the two worms and worm wheel.

However, when the power to the motors 1s switched off, high frequency user-input
(ie. shaking of the end-effector) can cause the worms to unwind allowing the
mechanism to exhibit backlash. For this reason, when the joint is stationary, each

motor applies a small amount of opposing torque to keep the system backlash free
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Chapter 8§ Composite Adaptive Control of a One Degree-of-

Freedom Worm Driven Manipulator

8.1. Introduction

In the previous chapters, a mathematical model of the mechanism was presented and
was used to develop a computed-torque control algorithm for tracking a desired path.
The algorithm guarantees exact tracking when the robot parameters are known
precisely. However, non-linear robot parameters (including frictional and inertial
terms) are notoriously difficult to estimate In this chapter, a composite adaptive
control scheme is presented that is used to estimate system parameters such as mertia,
damping coefficients and friction coefficients A review of the concept of the dual-
worm robot joint mechamsm is given followed by a statement of the mathematical
model of the gear system. The strategy for control of the mechanism 1s presented
along with a discussion on the selection of an appropriate adaptive control scheme
Simulation and experimental results are presented showing a comparison between the

performance of the computed-torque and composite adaptive controllers

8.2. Mathematical Model

For simplicity the mathematical model given by equation (6-7) is restated in equation
(8-1).

T_.r
JO+C 0=, Inele 0
Ar Aﬂrﬂ (8.1)

Jrl gl ! C,r}
where Jy=| S e 5 C,=|C,+ C;'r” + bl
A tany Agrjtany A r tany Agr;tany

-l -7l
smy+ [ﬂrw + (J”rﬂ - ﬂuﬂ)e“mr JSgn(e)cosf smy = [ﬂdﬁ + ("’vﬂ - ﬂdﬂ)e‘mr

A = A =
-fe]

& _lal #
cosy — [ﬂdp + (}1\3 —Hy kw"r ]Sgn (9)5"1 Y cosy + [Ju.w + ()u\,o' —His )g:msr

]sgn (6)cosy
Jrlhn
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8.3. Control Strategy

The control strategy for the composite adaptive control scheme 15 required to perform
1n the same manner as that of the computed-torque controller. The aim of the control
algortthm is to make the manipulator track a desired position command whilst
cancelling backlash at the worm interface The composite adaptive control scheme

must also ensure surgeon and patient safety by not allowing’

(1) any motion against the user,

(1) any motion without direct control from the user,
(1)  any backlash at the worm/wheel interface, or
(iv)  any motion caused by excessive user input-force

In a stmilar manner to the computed-torque control scheme, effective control of the
dual-worm mechanism requires two algorithms referred to as a-unwinding and p-
unwinding o-unwinding control is used to control the position of the joint when the
equivalent torque generated by the user-input force r, <0, ie when the desired
motion 15 1n an anti-clockwise direction However, when ¢, >0, the desired motion 1s
in the clockwise direction and P-unwinding control 1s used to control the joint
position  The velocity command 1s generated from the user-input force in the

following way

Vit | € 7,0
2Ar -1 e -7 |
gd' = gdmax Sgn(rn{_ (r - _T""'" )1 + (r 2 _ ;"‘"‘|)1 Vr.mln S lruls T.,ma.‘
B, 507, ) | > 7o

(8-2)

r..,and r, . are positive constants chosen to give a smooth resistance

N

where 4

to the user-input  The velocity-limiting algorithm of equation (8-2) 1s shown
graphically in Figure 43 The above velocity command 1s different from that used in
Chapter 7 equatton (7-1) This strategy has been employed to ensure sufficient

smoothness of the desired position, velocity, and acceleration command signals
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T Desired joint
velocity

—
User-input
torque

Figure 43 - User defined velocity demand

Craig, Hsu, and Sastry [98] presented an adaptive control scheme for the control of
robotic systems that ensures convergence of the parameter error to zero under certain
conditions on the desired trajectory, known as persistency of excitation The control
method of Craig, Hsu, and Sastry also requires inversion of the manipulator inertia
matrix and measurement of acceleration. Although the parameter resetting technique
used 1n [98] ensures the existence of the inverse of the imertia matrix, the poor
acceleration measurement (derived by digitally differentiating the position with

respect to time) 1s undestrable

Psaltis et al [99] began to explore the 1dea of using Neural Networks (NN} to control
dynamic systems The paper showed simulation results of a NN trained, using a
variety of update algorithms, to learn the behaviour of the plant It was assumed that
the NN would learn exactly the plant dynamics and no mention of system stability
was made. In 1991, Ozaki et al [100] presented a NN controller for a 2-DOF
manipulator. The results clearly showed the improvement in performance achieved
over the computed-torque method However, no discussion on stability of the overall
system was given In 1994, Safaric and Jezermk [101] presented a method for
deriving the learning algonthms for NN control of a 2-DOF SCARA robot The
method is based on lineansation of the NN model and Lyapunov stability theory for
adaptive controllers Both NN and computed-torque controllers were tested on the

manipulator and compared to each other Although, the NN controller was not shown
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to significantly outperform the computed-torque algorithm it would be able to
compensate for vanations in payload mass and friction coeffictents. Kwan, Lewis,
and Dawson [102] presented a NN controller for a 2-DOF robot where a back-
stepping procedure was used to develop robust control algonthms based on a model
that included motor dynamics. Two functional-link NNs were used to compensate for
complex non-linear functions one NN compensated for non-lmear terms in the robot
dynamics while the second NN compensated for non-linear terms in the motor
dynamics It was shown that the NN controller considerably outperformed a
Porportional-plus-Derivative (PD) controller 1n simulations. However, the stability
results for all of these control methods are based on the need for a persistently
exciting trajectory The control method that has been proposed for the control of the
worm-driven joint involves switching between two controllers: one controller for
controlling motion in the positive direction and another for the negative direction.
Due to the nature of the human input required to move to the system, it is not possible

to guarantee a persistently exciting trajectory for each controller

Due to the requirement of acceleration measurement and the problems of persist
excitation described above, a control method that relies on a less restrictive condition
than persistency of excitation, known as the infinite integral condition, 1s used
Slotine and Li [103] proposed a composite adaptive controller that extracts
information from both the tracking error and a prediction error n the filtered joint
torque. This method consists of filtering the joint torque, making an estimate of this
filtered quantity, designing a controller to track the desired trajectory, and finally
selecting a parameter update rule that ensures convergence of both the tracking and
parameter errors to zero This torque filtering method, which is analysed in detail by
Lewis, Abdallah, and Dawson [104], removes the need for acceleration measurements

and inversion of the manipulator inertia matrix
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8.4. Composite Adaptive Controller

In the development of the composite adaptive controller, the error between the desired
position and the actual position of the link is defined by equation (8-3), and the
quantity r, known as the filtered tracking error, is defined by equation (8-4). Both a-
unwinding and p-unwinding control strategies are developed below followed by a

stability analysis of the controllers

e=0,-0 (8-3)

r=e+de (8-4)

8.4.1. c-unwinding control

The equation of motion for the system of gears, given 1n equation (6-7), can be used

to solve for the a-motor torque,

mg ¥

by multiplying both sides by A, /r, That1s

Ar Ar
= +C, Q~7 —5o _ g “aa
Tma Jfag 1a Tu "a Tm_lf Aﬂrﬂ. (s-.s)
_ 5 A Ar
where S =) Co =G —
a T

The assumptton 1s made that the transition between static and dynamic friction 1s very

fast (because of the 1/smy term in both A, and A,) hence once motion has started A,
and A, are constant Under this assumption it is possible to write r,, as a linear
combination of constant unknown parameters, &,, and known functions, W,

Therefore, equation (8-5) can be written as

Tou = WP, (8-6)
T
where welp 0 1, z,] o -=|s, ¢, - _B
r, Ayr,
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Equation (8-5) can also be written as

f.=h+g, (8-7)
dh d
=S 2.0
where s d[( 1a )
Ay, B
aIld ga - _J?ue +C709_Tu- rﬂ Tm,ﬂ Aﬂrﬂ

Equation (8-5) has now been separated 1n a way that allows the acceleration term, &,
to be filtered out By filtering both sides of equation (8-7) it is possible to write the

filtered torque equation given by equation (8-8). s 1s the impulse response of the

linear stable, strictly proper filter, and * is used to denote the convolution operation.

=St =fth S, (8-8)

By the property of convolution, 1t 1s also possible to write

£ = [V )y 8-9)
and integrating by parts yields
£ =[O -] e by (8-10)
which in turn yields
Frho==f*h+1(0) b~ h(0) (8-11)

Substitution of equation (8-11) into equation (8-8), replacing 4 and g, from equation
(8-7) and noting that s, 1s constant and the filter and velocity are initialised

to 7{0)=c and 6(0)=0 respectively yields

Ar Ar
rﬁz = —f * (J?n0)+ CJTag + f* [C?‘ae - Tu - — Tﬂuﬁ‘ = J = Wf"‘¢“ (8-12)

r, Agr,
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where, W,a=[— f*8+cod f*8 f*r, f *r,,,,] w, 1s referred to as the filtered

regression matrix and @, is the same as in (8-6). Assuming that z,,and &

ma 3

Tm,ﬂ 5

are measurable, 1 e that the filtered regression matrix is known, it is possible to define

the estimate of the filtered a-motor torque, 7,,, based on the estimate of the unknown

parameters, &, , such that

a

2, =W, D, (8-13)

Jfa

The error 1n the estimate of the filtered torque 1s defined as

fa =t

& (8-14)

In order to design a controller for the system consider the Lyapunov-like function

given by equation (8-15) and its time derivative, equation (8-16), where r=e+21e is
the filtered tracking error, e=6, - 1s the tracking error, @, =&_ -, is the error in the

parameter estimates and P, 1s a time-varying symmetric matrix

V=St e BIPP (8-15)
a 2 Ta 2 a’ a e

V.=J, rr+®Pb_+ %E:P:&;ﬂ. (8-16)

Making the following observation

Jyur=4,,(0,+ 4e)-J,,0 (8-17)

and replacing for J_ ¢ from equation (8-5) yields

er = JTa (gd + A'e)"' C?a9 TN Anf',, - fmﬂ Aarﬂ (8'18)
r, A 5
which can be written as
Jr=Y® -1 (8-19)
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where ¥, =[(Bd +Ae) 8 1, rmﬁ] Selecting the control input, z,_, as

r,,=Y.® +K._r (8-20)

and substituting 1nto equation (8-19) and subsequently into equation (8-16) yields

- 2 T By T =Tl
Va_ Kmf' +¢a(l’a¢u+l"rj+ d)aPa g (8'21)

B —

The least-squares adaptive update law proposed Li and Slotine [105] is used here.
This is given by equattons (8-22) and (8-23).

P, =0 -¢ =-PYr-PW 7T, (8-22)

P =W W, (8-23)

Using equation (8-22) and replacing for 7, from equations (8-13) and (8-14) and

S

noting that &, is a vector of constant parameters, (1e &, =0), yields
@, =PYr+PW" (z,,, - W,ﬂéﬂ) (8-24)
Using the matrix identity given by equation (8-25) [106],
PP'=I (8-25)
and differentiating with respect to time yields
PP'+PP'=0 (8-26)
P=-PP' P 8-27)

Subsequently, equation (8-23) may be written more conveniently as equation (8-28).

P =-PW WP, (8-28)
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Since P, is negative semi-definite, 1t follows that

ma, {P.}=0 (8-29)

[

and

b 2,,,{P;"} = 0 (8-30)

where 2,.{A} and 4_ {A} represent the minimum and maximum eigenvalues of the

matrix A respectively Equation (8-30) is also referred to as the infimite integral
condition. Substitution of the least-squares estimator and parameter update law given

by equattons (8-22) and (8-23) into leads to equation (8-21) yields

fa’ fat s

V. = —K_r’ —%&SIW’W @ (8-31)

Equation (8-31) is obtained as follows Substitution of equation (8-22) and (8-23)
into equation (8-21) yields

V=K r+& PPy r Pz )+ Y-'r)+%5’W'W o (8-32)

a  fa T Ja a"" fa'l fa¥a

Equation (8-32) reduces to

V=K + BT -WIE, + y_f,)%iﬁ;w; w,8, (8-33)
which m turn yields
V, =K. -BWE, +%6:W,’;W,a$, (8-34)
and noting 7, =W &, , it follows that
V,=~K ' -SIWLW, B, + -;-6:11/; w,.o, (8-35)
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which can be stmplified to

1~ -
v, = —Kmr2 ——2—¢:W;Wﬁ¢a (8-36)

8.4.2 [-unwinding control

Simtlarly, for B-unwinding control, equation (8-1) can be used to solve for the -

motor torque by multiplying both sides by A, /», as given tn equation (8-37)

Ar Ar
t, = 0+C 0-7, L1 LW

no TAs Y (8-37)

;
Ar, Ar
where Wz [9 gz, 2"m] ¢F=|:Jw Cp - T ﬂﬁjl

=Y, b, +K,r (8-38)

where K:[(G,,+ﬂe) g TM]

The least-squares adaptive update law 1s given 1n equations (8-39) and (8-40) and the

time derivative of the Lyapunov function 1s given by equation (8-41).

®,=-0,=-PY]r-PW7

B JBT B
P, =P,¥r+P ﬁW,r;(rm - Wm‘pﬂ) (8-39)
P =W, W,
P, =-P,W WP, (8-40)
!~ ~
Vy =K'~ W W, P, (8-41)

8 4 3 Stability Analysis

The Lyapunov functions for o and B-unwinding may be written as

|
V==J.r +5(DETP, 'D (8-42)

N —
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where the subscript + should be replaced by a or g for a-unwinding and -

unwinding respectively,  Simularly, the time-denivative of the Lyapunov function

given by equations (8-31) or (8-41) can also be expressed as

V,=—K,r -lq‘p‘fwgw,,é’), <0
2 (8-43)

By showing that the second derivative of the Lyapunov function 1s bounded, so

proving that ¥, is uniformly continuous, Barbalat’s lemma given in Appendix F can
be invoked to show that the tracking error, r, and parameter error, @,, both converge
to zero Furstly, ¥ is obtained by differentiating equation (8-43) to give equation
(8-44)

V.= =2K,rr ~®WW B, - OTW W0, (8-44)

£ R

Therefore, in order to prove that ¥, 15 bounded and ¥, 1s untfformly continuous, it

necessary and sufficient to prove that r, r, @ , &, w,, and W, are bounded. ¥, 1s at

least negative semi-definite implying that ¥ <¥(0) and that » and &, are also

bounded. Subsequently, from the definitton of » 1n equation (8-4), ¢ and e are also

bounded. Considering ¥ as defined in equations (8-19) and (8-38), 1e.
Y, = [9,, +Ae 8 1, rm,] where /' should be replaced by B for a-unwinding and o for 3-
unwinding and assuming that the nputs, r,, z, , 8,, 8,, and 6, are bounded then 4,

@, and ¥, must also be bounded. Substitution of the control law (8-20) or (8-38) into

equation (8-19) leads to

Jr=Y® —K.r (8-45)

i

Noting that J, >0 then r and ¢ are also bounded Subsequently, from equations
(8-5) or (8-37) and from the assumption that &, 1s bounded, r,, W,, and & are
bounded From the definition of the filter, £, and the properties of a stable transfer
function given in Appendix F 1t can be seen that r,, W, and W, are also bounded
Finally, the parameter update law of equation (8-22) or (8-39), written as
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& =-PY'r-PW)%, (8-46)

is used to prove that ¥, 1s bounded From equations (8-23) or (8-40), P, 1s bounded
by P(0) since P, <0 is negative semi-defimite Using equations (8-46), (8-13), and

(8-14) and the fact that the filter, f, has a stable transfer function, 1t can be seen that

@, is bounded Application of Barbalat's lemma, given in Appendix F, yields

m,__V, =0 (8-47)
and

Im,__r=0

i (8-48)

Since the relationship between r and e, from equation (8-4), may also be written 1n

terms of the strictly proper, asymptotically stable transfer function, H(s), such that

e(s)= H(s)(s) (8-49)

Therefore

e=0 (8-50)

It 15 also possible to define the type of stability for the parameter error. Since ¥, 1s
bounded by ¥(0), if the infinite integral condition given in equation (8-51) holds, 1t

must be concluded that the parameter error tends to zero, 1 €. Im,__ @, =0. The mfimte

integral condition is less restrictive than the persistency of excitation condition
discussed above, owing to the fact that as long as there is input to the system and that
the system is capable of motion it is easy to prove that equation (8-51) holds true A
persistently exciting trajectory/input, on the other hand, it 15 not always easy to derive

or generate in most robotic applications.

... 2, WL OW, (o) do =0 (8-51)
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8 4 4 Experimental Set-up

The same equipment and configurations were used as given in Chapter 7 The only
difference between the results presented here and the results of Chapter 7 are that
6.5W geared DC motors were used instead of the onginal 3.27W motors The

frequency of the control loop is set at 600 Hz

8.5. Results and Discussion

8.5.1. Simulation Results

The mathematical model of the dual worm-driven jomt was simulated using
SIMULINK The parameters of the model were set according to Table 6 and the
control parameters set using Table 7. The dynamic effects of the o and B motors are
cancelled using high gain PI (Proportional-plus-Integral) torque control feedback loop
assuming that motor output is measured without error, During the simulation the -
motor 1s set to follow the worm with constant torque under a-unwinding control.
Similarly, during f-unwinding the a-motor 1s also set to follow the worm-wheel with

constant torque The matrices P, and P, were chosen to give well damped parameter
estimates, and the parameter estimates themselves, &, and tfaﬂ , were imtialised with

arbitrary values according to equation (8-52) Torque filtering was performed using
the hnear filter given by the first-order transfer function of equation (8-53) The same

filter was used in both the a-unwinding and p-unwinding controllers

102



Composite Adaptive Control Scheme

Table 6 - Simulation model parameters

Worm wheel o-worm B-worm
Inertia Jo=0.25 Kg.m’ J=0003698 Kgm* | J5=0 003698 Kg m?
Viscous Damping | Cu=0 005 Nm sf/rad | Ct=0 005 Nm.s/rad | Cp=0.005 N m s/rad
Gear geoemtry =0 025 m 1.=0 0065 m rp=0 0065 m
Static Friction Hsa=0.14 psp=0.14
Dynamic Friction 1de=0 12 pgp=0.12
Friction Constant £=0 001 £=0 001
Worm lead angle v=0 05236 rad v=0.05236 rad

Table 7 - Simulation controller gains

Contro! Direction Tracking error | Controller gain
filter gain

a-unwinding Ag=50 Kuva=20
B-unwinding Ap=50 K.s=20

100 0 0 O 04 01

0 1000 0 O 01 03

PO-RO= . | o] 20, 20|,
(8-52)

0 0 0 10 05 01

1

= —_— 8'53
Sls)=— (8-53)

Three user-input torque commands, r,,, r,,, and z,, given by equations (8-54), (8-55),

and (8-56) respectrvely were applied to the model Approximately one cycle of each

of the three torque inputs is shown in Figure 44,

7,, =5 tanh({cos(47)- 0 76152) sgn{sin(t/2)) (8-54)
z,, =8 tanh(cos(4r)- 076152} sgn(sm{¢/2)) (8-55)
z,, =8 (cos(4r)+15) smfe/2) (8-56)
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The desired velocity for system 1s calculated using equation (8-2) with 6, =0 1rad/s,

T,m =10Nm, and 7, =1Nm. r,, and r, are shown i Figure 44 by dotted lines.

n

Figure 45 shows the desired position generated from the integral of equation (8-2).

With the system parameters given by Table 6, the actual parameter vectors @, and &,

can be calculated for |0[ #0 as given 1n equation (8-57).

0162
22
0, -0,2
0017
0 387 (8-57)

Figure 46 shows the position error recorded during the simulations for each user-
input. The various rates at which the magnitude of the tracking error decays can be
clearly seen. Figure 47 shows the parameter estimates of the simulated system with
the user-input defined by equation (8-54) This figure 1llustrates that for the first user-
mnput command the estimated parameters do not converge on the expected values
given by equation (8-57) The expected values of the parameters are shown by dotted
lines 1n Figure 47, Figure 48, and Figure 49. Figure 48 and Figure 49 show the
parameter estimates with the user-mnputs of equations (8-55) and (8-56) respectively
However, with these two user-input commands the parameter error converges to zero
The more ‘exciting’ input given by equation (8-55) yields slower convergence of the
parameter estimates to the true values than the input of equation (8-56) as shown in

Figure 48 and Figure 49 respectively

104



Composite Adaptive Control Scheme
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Figure 44 — The three user-input torque commands used in the simulation
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Figure 45 - Desired position demand for the three user-inputs
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3 a) Posation error with user-input 1
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Figure 46 - Comparison of tracking errors during the
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Figure 47 — Simulation parameter estimates with user-input 1
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Figure 48 — Simulation parameter estimates with user-input 2
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Figure 49 — Simulation parameter estimates with user-input 3
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It should be noted that the magnitude of the user-input force affects the convergence
of the parameters The problem arises from the choice of ¢, 1n equation (8-2) With
the user-input defined by equation (8-54), shown in Figure 44a, the desired velocity

function never saturates, ie 6, <8, Thus the dependence of 8, on 7, is very

strong and as inputs they appear very similar. Under these conditions the composite
adaptive controller cannot extract enough information from these inputs to determine
the correct parameter estimates However, the parameter estimates and tracking error

remain bounded at all times

The user-inputs given by equations (8-54) and (8-55) differ only in magnitude. This
difference sigmficantly changes the appearance of 8, with respect to r, 1n the region

where >T, The composite adaptive controller 1s able to extract more

max

T

information about the system with the user-inputs defined by equations (8-55) and
(8-56), and shown in Figure 44b and Figure 44c¢ respectively. These effects must be

taken into account during experimental work.

8.5.2 Experimental Results

The experimental results of the computed-torque controller are compared to the
results obtained from the composite adaptive controller. In both experniments the
applied user-input force generates a command velocity based on equation (8-2), where

6, =0051ad/s, 7z, =10Nm, r,  =INm The desired velocity 1s then digitally

o max

integrated and differentiated to give the desired position and desired acceleration,

respectively The matrices P, and P, and the vectors @, and @, were mitialised as in

equation (8-52) and the controller gains set as shown in Table 8 The torque filter that
was used in the experiments for both a-unwinding and B-unwinding control 1s given
by the first-order transfer function of equation (8-58) The filter of equation (8-58)
used 1n these experiments differs from the filter used 1n the simulation tests (given in
equation (8-53)) because it has been tuned to minimise the effects of quantisation and

sensor noise that are not modelled in the simulation.
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Table 8 - Experimental controller gains

Control Direction

Tracking error
filter gain

Controller gain

o-unwinding Ae=50 Kva=35
B-unwinding Ap=50 Kyp=35
10
f(s) T s+10

(8-58)

In a similar manner to the simulation tests, three user-input torque commands were

manually applied to the joint mechanism as shown by Figure 50. Figure 50a, Figure

50b, and Figure 50c show the user-input commands simular to those given n

equations (8-54), (8-55), and (8-56) respectively  Figure 51 shows the desired and

actual position, derived from the integration of equation (8-2), for the three user-input

torque commands. The graphs of desired and actual position in each are

indistinguishable because the error 1s very small
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Figure 50 - Experimental user-input torque commands
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06———— - - - —— —- - - —
— Demred |
05 |- Acteal

=93 -

1 — 1
100 200 300 400 500 600
Time {seconds)

b) Desired and Actual positien with user-input terque 2

— Desvad
05— Actual

o 100 200 300 40 s0
Time {seconds})

c) Desired and Actual posttion with user-input torque 3
08, - -— — — - - - = - -- - R

: | Desired
05:— | == Actual _ .

Se3 -

o 01+ 1
1

600
Time (seconds)

Figure 51 - Experimental desired and actual position

The system position error using the composite adaptive and computed-torque
controllers is shown 1n Figure 52. Although it has not been possible to generate
exactly the same trajectory (because the user force is applied manually) Figure 52
shows a comparison between the computed-torque method, presented in Chapter 7,
and the composite adaptive control scheme developed in this chapter. Figure 52a
shows the performance of the computed-torque controller compared to that of the
composite adaptive controller (with the user-mput command of Figure 50a)
Similarly, Figure 52b and Figure 52c¢ 1illustrate the comparison for the user-inputs
grven by Figure 50b and Figure 50c respectively Computed-torque control was
performed with user-inputs similar to those given i Figure 50 The torque command
could not be reproduced accurately owing to the input being applied manually The
computed-torque controller error is shown offset by 0 005 rad for clarity. It can be
seen that 1n the cases of Figure 52b and Figure 52¢ there 1s not a significant difference
in the performance of the composite adaptive controller compared to that of the

computed-torque method.
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The results for the computed-torque controller shown in Figure 52 differ from those
of Chapter 7 because of the change from 3 27W to 6 SW motors. The reasons for this
change are due to the order in which this research was carried out Firstly, the
computed torque algorithm was developed for both the 1-DOF and 2-DOF systems
The 2-DOF system required the use of the larger motors 1n order to overcome the
friction forces generated at the worm/wheel interface. The composite adaptive
controller for the 1-DOF and 2-DOF systems were introduced after the analysis of the
2-DOF computed-torque controller However, the comparison of the two control
strategies is direct because the computed-torque experiments were repeated with the

larger actuators for the results of thts chapter.

The parameter estimates corresponding to the results of the user-input given by Figure
50a, Figure 50b, and Figure 50c are given by Figure 53, Figure 54, and Figure 55
respectively Unlike the simulation, the parameter errors converge on very different
values to those calculated 1n equation (8-57) and shown by a dotted line i each
figure. In the case of the low magmtude user-input (Figure 53) the parameters are
slow to reach a constant estimate. However, for the two larger magnitude user-input
commands, Figure 54 and Figure 55, the parameter errors are shown to reach steady-

state more rapidly.

112




Composite Adaptive Control Scheme

a) Error with user-input torque |
og1- - - — e — = — - - - - - — = = - -
1

, ) f Lo ' J )
0005 ‘7““ Ww,-,'m. ‘Vfﬁ'puﬁ.ffﬂibkﬁ bttt s b Jassrr e ol Nt oo {w,'mqwﬁmwrj. ST S, wx,'mr,tvfmlnﬂMvM'm " ”

-
o
=
K °VWMWWUWWWW
]
= |
(4]
0005
~—— Composita adaptive ,
Compuied-torque
a0 - - - - - -
Q 100 200 300 400 500 600

Time (seconds)
b) Error with user-input torque 2

Do -
ODOEI aufle J-I(Hu-t"e’-r"fﬂ ‘“»I,-.l'au,a-}\ﬁu"w\.#w h}-jf'all -I;h »‘4{;—*&)‘,\-!54}“'\‘ el -—W,-ﬁ"a’d'w&‘o.—f,—'uA'w.»NdeLJJ-J.-"» -
}"ll f f 1}‘* v ¥ [ i [ ;|‘ | i i 'f il , ™ V [ TR |

T
]
- [}
g D| J
(5] |
0005~ ) . I
‘. | = Composiie adapive
— Computed4erue J'
a0 —  — — - - - 1 . _ 1 . - - R _
o 100 200 300 400 500
Time (seconds)
¢) Error user-input torque 3
00, - - - - - - - - ,
|

it

e Ly T L ik e ™ N LT il I I IRE LA i
0008 i,hm'{.h,i !‘f'*l'll\"m i i s H[“‘T'f‘“" “lﬁf(y‘ T n e L”T',] i "l’l"l‘“ thl ”\Eﬁ'“ ‘F,{h'ﬂ *H"[;F hll,‘;f.i L,A.ﬂr:rh, & HT'M‘ L1 | ﬂ"{%’s"’. :1‘:54 "{g\;k i ! &) ."Jl‘ﬁ

=
2
- o
3
W
£ 008 ~
| = Composite adapine
Computedasrque
005
0 100 200 300 400 500 §00

Time {seconds)

Figure 52 - Computed-torque control versus composite adaptive control
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a) Inertia Estimates
08

o7+

-1 JT -

a

ord

Time (seconds)

¢} User-mput Torque Coefficient Estimates
4

q 100 200 w00 40 500 600

b) Damping Coefficient Estimates

10 CTﬂ

Time (seconds)

d) Moter Torque Coefficient Estimates

Time (seconds)

Time (seconds)

Figure 53 - Experimental parameter estimates with user-input 1
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Figure 54 - Experimental parameter estimates with user-input 2
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a) Inertia Estumates

>

Te

0w [
o 100 200 200 400 500 €00

Time {seconds)

¢} User-mput Torque Coefficient Estimates
04

03
o3
[

075+

~
015, ﬁrﬁ A T,
01 s
? ra

(173

uI
sl
a1—-

L] 10¢ 200 300 400 500 600

Time {seconds)

~  b) Damping Coefficient Estimates

10 C
e
&_,_,_—
10
20,
. | oA
L
5-30 CTa
-4
50
m\
ko ——_— - ~
100 200 300 400 §00 800

Time (seconds)

d) Motor Torque Coefficient Estimates

s w200 300 W s 600
Time (seconds)

Figure 55 - Experimental parameter estimates with user-input 3

8.5 3 Discussion

There are a number of reasons for differences between simulation and experimental

results Firstly, the simulation assumes perfect torque control of both motors under

both o and B-unwinding control schemes. However, practically the torque control

method could not be used on the ‘following” motor as this method generated ‘jerky’

motion of the link To alleviate this problem the constant voltage technique,

described in section 7.2, was used. Thus introduces a significant modelling error into

the equations of motion for the system. Specifically, during :-unwinding the -

motor command voltage 15 set to constant voltage, v, The terms : and ¢ should be

replaced by o and P as in section 8.4.3. Hence the /-motor torque can be expressed

as m equation (8-59) usmg the model of an armature controlled DC motor and

planetary gearbox as given m Appendix G. In equation (8-59), k., &, , n,, n, and

R, represent the torque constant, the back EMF (electro-motive Force), planetary
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gearbox efficiency, planetary gearbox ratio, and armature resistance of the ' -motor
respectively Armature inductance is assumed to be negligible.
— qll nh kﬂ vy - krr khn qln nz

= Irrﬁ 9
T R, ° R,rtany (8-59)

Using the system dynamics of equations (8-5) and (8-37) may mn general be written as

equation (8-60).

Ar Ar
JO+C P=7r ~—~+r +7 —
ki T W rﬂ " 1.4 AJ ’; (8‘60)
Substitution of equation (8-59) into (8-60) yields
b
Jr.g + Cr, + k" kht nllnllrﬂ Alrl 9: T., iﬁ’—r’+fm + T]“nhk" vﬂ Afrf (8-61)
R.r,tany Ar, Y R, Ar,

Since the term nlr,/(r, tany) will be quite large due the speed ratio from the worm and

wheel combination and from the planetary gearbox, equation (8-61) represents a
significant modelling error In fact 1t can be seen that the estimate of the damping
coefficient is severely effected by the constant voltage techmique as shown
experimentally mn section 8.5.2. There may also be errors in experimental
determination of the system parameters given in Table 6 and errors in measurement of
the user-input, motor torque and speed (caused by software filtering to remove noise)

that could also affect the convergence of both tracking and parameter errors to zero.

The composite adaptive controller is based on the model of the system given by
equation (8-1). The model does not include flexability 1n the joint mechanism and
assumes perfect measurement of motor torque and speed. The sum effect of these

errors could be considered as an additive bounded torque disturbance, r,, i €. equation

(8-1) can be modified as shown 1n equation (8-62).

JO+Cl+7,=7,+ L RN
A, Byr, (8-62)

This disturbance also affects the parameter estimates as shown below in equation
(8-63), ie equation (8-24) 1s replaced by equation (8-63) to take into account the

unknown disturbance
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. . 8-63
&, =PY r+ PWI (e, W, B, + /%1, (8-63)

Ar

where r,=—"r, and f represents the linear stable, strictly proper filter. More

8
specifically, this disturbance manifests itself in the time derivative of the Lyapunov

function as

V =-K.r —%@W;Wﬁ&i +rr, +5"W;(f*r‘,,).

(8-64)

It can be seen that the introduction of this disturbance mto the model effects the
stability result defined above, ie. the negative semi-definiteness of ¥ 1s no longer
assured. It can be clearly seen that the tracking and parameter error may not be zero
with the errors caused by un-modelled dynamics and incorrect measurements

Although the parameter error may not converge to zero, the boundedness of &, can
still be proven since the result that Im,__{P}=0 is unaffected by the introduction of the

torque disturbance noting also that &, will also eventually become constant.

Further insight into the behaviour of the system can be gamed by analysing equation

(8-64). If the condition given in equation (8-65) holds, then ¥ is negative and the
Lypaunov function, ¥,, will decrease Using equation (8-42) and by momentanly

fixing r, and W,, it can be determned that both » and @, must decrease
1 ~ ~ ~
Kw?'! +3¢,TWJ,TWJ,¢, >rr,+ ¢,TW;(f * T,,,). (8‘65)

However, eventually » and @, will decrease so that the following condition, 1n

equation (8-66), holds true.

. . .
K+ @)W W@ <rr, + W] (frz.) (8-66)

Therefore 1f equation (8-66) holds true, ¥ becomes positrve and ¥ increases which

will eventually lead to an increase in » and &,. This leads to the conclusion that as
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long as r, and W, remain bounded, both » and &, are also bounded by some

functionof », @,, X, r, and W,

The robustness of the compostte adaptive controller can be highlighted 1n simulation
by adjusting the model to include the constant voltage control of the ‘following’ worm

given by equation (8-61) and by introducing some measurement error of r,, r,_, and

ma ¥

3 In the following simulation tests on the system the two user-input torque

-
commands applied to the system are given by equations (8-54) and (8-56) The
simulation uses the same parameters defined in section 8 51 Figure 56 shows the
parameter estimates when the less exciting user-input of equation (8-54) is used.
Similarly, Figure 57 1illustrates the parameter estimates when the more exciting mput
of equation (8-56) 1s applied to the system. As shown in section 8 5.1, the speed of
convergence 1s affected by the properties of the user-input command As anticipated
in both cases the estimates do not converge on the actual values calculated 1n equation
(8-57) and shown by dotted lines 1n both Figure 56 and Figure 57 Finally, the
difference in tracking performance under the two separate conditions is 1llustrated 1n
Figure 58. The less exciting trajectory shows considerably larger errors However, in

both cases the tracking error and parameter error are both shown to be bounded under

these conditions 1llustrating that the composite adaptive controller is robust against

disturbances caused by both un-modelled dynamics and measurement error.
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a} Inertia Estimates . b} Damping Coefficient Estimates

07 —_— _— - —_ ey —

! 5
|
! 10
- 15 ,
1 8 !
1 z 20
25
f st
_ R i “© - — I
1000 1500 2000 0 S0 1000 1500 2000
Time {seconds} Time {seconds)
¢} User-mput Torque Coefficient Estimates d) Motor Torque CoefTicient Estimates
0s 04
04 02
|
03 o
02 EH
01 Qe
| |
o 08 !
a1 o8
|
02 1
|
43 12 i
o4 - [P — . 14 - - [ -
[ 500 1000 1500 2000 0 500 1000 1500 2000
Time (seconds) Time (seconds}
. . . v e .
Figure 56 - Parameter estimates with less exciting trajectory
a) Inertia Estimates b) Damping Coefficient Estimates
nas 18
04 "
12 r
035 )
1
[ s
"B E o8
o = ,
0z ; a4
02
01%
, Q
o1 | 02
oos -—— —_—— - 04 — - — - ‘
[ 200 “q w0 200 1000 o m 0 00 00 1000
Time {sccands) Time {seconds)
¢} User-input Torque Coefficient Estimates d} Motor Terque Coefficient Estimates
el i - i, o4 - e
1 03s
ooe ; 03
ooe Kl
02
Qar
02
008
01%
005 |
oo 01
™ 005
002 o
oo 008
200 400 (] 800 1000 [] 200 400 500 300 1000
Time (seconds) Time {secends)

Figure 57 - Parameter estimates with more exciting trajectory
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a) Position error with less exciting trajectory

—— ey - -- - — -

Error (rad)

o 20 400 800 800 1000 1200 1420 1600 1800 2000
Time (seconds)

0t b} Position error with more exciting trajectory

Error {rad)
A T O

e -

T

- - - [— —_ - - - I_
100 200 300 400 500 E00 700 B0 900 1000
Time (seconds)

Figure 58 - Comparison of tracking error with erroneous model

8.6. Conclusions

Both simulation and experimental results have shown that a compostte adaptive
control scheme can be used to track a desired path It has been shown that the
dependence of the desired velocity on the user-input force and error in the model has
a detrimental effect on the convergence of the tracking and parameter estimates to
zero. The composite adaptive control methed has been shown to give performance
equivalent to the computed-torque algorithm, presented in Chapter 7, under certain
conditions on the user-input torque command. However, it has been shown by
experimental that if the desired velocity and user-input are not sufficiently
independent of each other, the composite adaptive controller does not perform as well
as the computed-torque algorithm. In both the simulation and experimental results,

the tracking and parameter errors remain bounded under these conditions.
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Unlike the composite adaptive controller, the ability of the computed-torque control
algorithm to track a path relies on fixed estimates of the robot parameters Therefore
degradation of the computed-torque controller's performance due to wear of the gears
or changes 1n load can be expected This would require periodic re-tuning of the
algonthm 1n order to ensure satisfactory performance, which can be a time-consuming
process. The composite adaptive control scheme has been shown to be robust in the
face of large modelling and measurement errors and as such can be used to
compensate for changes mn system parameters. Due to the nature of the proposed
application, it may not be prudent to allow the controller to adjust parameters during
operation. The composite adaptive controller should be used to train the manipulator
off-line as part of a calibration procedure before it 1s used. Care must be taken to
ensure that the user-input command consistently saturates the desired velocity

function during this training period.
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Chapter 9 Mathematical Mod el of the Two Degree-of-

Freedom Manipulator

9.1. Introduction

In order to develop suitable algonthms for trajectory tracking control of the 2-DOF
worm-driven mantpulator it is necessary to dertive a mathematical model of the
system. This chapter details the formulation of the model as well as the derivation of

the inverse kinematics

9.2. Denavit-Hartenburg Representation

Assigning the co-ordinate frames using the Denavit-Hartenberg (D-H) method as

shown 1n Figure 59, 1t 1s possible to get the D-H representation given 1n Table 9.

a) Link diagram b} Co-ordinate frame assignment

Figure 59 — 2-DOF Manipulator
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Table 9 - Denavit-Hartenberg representation

Axis ¢ d a a Home
i 6, 0 ! 0 0
2 é, 0 IR 0 0

In the following equations the notation given in equation (9-1) is used.

s, =smnf,

¢, =cosd, ¢, = cos(B" +6

nm

5, = sm(B,‘ +0

)
) (9-1)

Using Table 9 1t is possible to obtain the link co-ordinate transformations given in

equations (9-2) and (9-3)

: 3
T - R, P| {5
[ i '_0
0 0 0.1 10

[= e = =

: (9-2)

where R% represents the rotational transformation matrix from frame{m} to

frame {»} and P* represents the position of frame {m} with respect to frame {n}.

0 0 0:1| |o

D e DO
o~
T
-

1 (-3

It 1s therefore possible to define the transformation from the base frame (frame 0) to

frame 2 as given by equation (9-4)

€ 5

5 C
T”: — T;Tll — (I)2 (I)Z

0 0
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9.3. Link Jacobian

Using the Langrage-Euler method [107], the translation from the base frame (frame 0)

to the centre of mass of link 1 1s defined as

(-1 +a,
0
¢ =HT
0
|1
alcl_
¢’ =|ags,
0 -5

where H, 1s the homogenous transformation given by equation (9-6). It 1s used to

convert a (4x1) vector to a (3x1) vector, 1 e the position of the centre of mass of a link

with respect to frame {0}.

1000
H,=[0 1 00
0010

(-6)

Using equation (9-7), where z' 1s the third umt vector of R, the next step is to
compute the Jacobian, J', given in equation (9-8)

o ot ,
26, a0, | |* @

g e| (B0

- s -7
- as, 0] [ 1
ac, 0| |A'lg)
MR
L l 0_. - -

Simlarly, for frame 2, the translation from the base frame to the mass centre of the

link 15 given by equation (9-9).
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-1, +a,
0
0
1

lllcl. +a2c|1
1
¢ =|ls +a,;s,

& =H,T

0 -9

Using equation (9-7), the link Jacobian J* can be calculated to give equation (9-10).

- llSl —d8,;, T4,
]lncl + aZCIZ alcll Az(q)
0 0
Jz ESS Bl bl e L = RS
0 0
0 0 B*(q)
I 1 ] ] (9-10)
The mnertia tensor of link1 in base co-ordinates 1s
D,=R'D,(R} ) ©-11)

where D, 1s the inertia tensor at the mass centre of link . The mertia tensor of link 2

with respect to the base frame is given by equation (9-12)

D, =R!D,(R}) (9-12)

The manipulator inertia matrix, M, 1s given by equation (9-15) and (9-16).

m= (&) ma'+() 0B) (9-13)

=l 2

When ;=1 the mnertia for the first link is given by equation (9-14)

(9-14)

: J, 0
(A')TmlA'+(B‘)TD|B'=|:a]m'0+ 0 0:|
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Similarly for the second link, i e. when (=2, the mertia tensor 1s given by equation

(9-15)

(A) m,A"+(B*)'D,B =
|:("|2 + azz +2llazcl)’"2 +J,, (a: +ilalcz)mz +Jazi|

(a:” + Ilalcl )’nl + Jﬂl azzmz + J02 (9-15)
Therefore the manipulator inertia matrix for the 2-DOF planar manipulator 1s
M= alm, +J, +(!,’ +al+ 2!l.a,(:2)m2 +J, (aj -t-;!',az(:z)m2 +J,
(a,2 +1,c.-2c2)m2 +J, am, +J,
e r2ac, a,+ag,
- a,+ac, a,
a,=am+ (II’ +a )mz +J, +J,
a, =m}la,
a,=am,+J, (9-16)
9.4. Lagrange-Euler Formulation of the Manipulator Dynamics
It is possible to write the kinetic co-energy as
R 122
T =~ M 80
2 o=l g=l 4 /
1
T"=—\M G + M08, +M,00 +M, 0
2( 1 121 0= n Z) (9.17)

where M, 15 the y element of M

As the manipulator does not work against gravity and that joint/hnk flexibility has not
been modelled the potential energy, ¥, is zero However, there are forces from the

user ( F,), viscous friction (4), and worm drives ( r) acting on the mampulator. The
virtual work done by these forces is defined by
oW =F'oq

oW =1"0q-b"og+ F] Zlaq (9-18)
q
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Noting that

F = F, X = . e, +he, i
F, y s, +1,8,
ox _|:aX aX]_l:"Ilsl =ls, _Izslz}

—(3; - od, 00, he+he,  Le,
(9-19)
the generalised forces are described by
F= T, Cf0|9| + _]:ux(llsl +11.S'|2)+ F:w(’lcl +Izc|2)
nl |Cwt, — FLs, + F e, (9-20)

where 7, and 7, are the torques applied with the worm driven gearboxes. 7, and r, are

given by equattons (9-21) and (9-22), respectively

2 ! 2 2
r = tmafer | Twpi’er Ora - Bira, _ Bra _ AL
1= al 3 i 2 fal 3 Yl 2
LY. SR . A, tany, Agrp tany, A, ritany, Ay g tany,
(9-21)
2 2 2 2
- Iwade + Tmp2ler &1y _ A &:rg C LT
A Ay, PA_rl P2 A2 TRl R
FarlBaz  TaBg2 a2l 1A Yy gl tany, a2for AN Y; g2’ ANy,

(9-22)

Using Lagrange’s equation the equations of motion for this 2-DOF manipulator may

be dertved The Langrangian, L, 1s defined as

L=T"-V (9_23)

and the equations of motion can be expressed as
i[a_LJ_éé - F
dt\og) oq (9-24)
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Substitution of equations (9-17) and (9-20) into equation (9-24) and noting that D'(q)

15 symmetric yields

M+M,)g+(C+C,)g+V. g=Br_+J'F, (9-25)

2 2
J o1 + J o

where 0
M - Agritany,  Agritany,
r - 2
0 Jorlon N J ga"a2
Agritany, Agri,tany,
Cfalrazl Cf,m" 921 0
Ce {Cm 0 } c - Agritany,  Agratany,
0 C, ' 0 Cfaz"azz Cfpz’bzz
A tany, A ﬂz";z tany,
2
—mias,000,+6)
Va= .
mlllazszgl
r&l ’al 0 0
A_r A r
B = alal i Tm = [Tmnl rmﬂl 7'-mal rmﬂ2]T
0 0 Yos Ye2

Agatas  Apa¥yy

The model of the 2-DOF manipulator given by equatton (9-25) will be used to
develop computed-torque and composite adaptive control algonthms in later chapters.
The remainder of this chapter 1s dedicated to the inverse kiematics of the 2-DOF

system and an explanation of the path representation scheme used n this work

9.5. Inverse Kinematics

In general, desired paths and trajectories for robotic devices are specified in world-

coordmates, (x,, y,, z,). Therefore 1t 1s necessary to calculate the desired joint

angles that would achieve the specified position For this 2-DOF manipulator only

the position of the end-effector is important, i e. orientation of the end-effector 1s not
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specified. Using Figure 60, the desired cartesian position of the end-effector, x, and

v,,» may be written as equations (9-26) and (9-27) respectively.

x,=lec +lc, (9'26)

Y, =hs +14s, (9-27)

Figure 60 - Robot geometry

From Figure 60, 1t 1s possible to write

rz = x; +y:’ = ([Icl + alcll )2 + (IISI +125|!)1
=1"+2Lc, + 1 (9-28)

Therefore 1t 1s possible to explicitly solve for the desired joint angle 4,, to give

xp+y, =4 =1
cos(9,) = =2 (9-29)

and
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sin(d,, )= +4/1-cos*(4,,) (9-30)

6,, can then be chosen by selecting the sign 1n equation (9-30) and substituting the

values from equations (9-29) and (9-30) into equation (9-31).

0, =atan2 StV =l -y G Xtyichioh (9-31)
2" 211 211

sin{@,,) in (9-29) can be chosen to be either posttive or negative to give a right or left
handed robot configuration as desired Expanding the expressions for x, and y,,

given by equations (9-26) and (9-27) respectively, using the sine of the sum and the

cosine of the sum trigonometric identities yields equations (9-32) and (9-33).

x, = (lI +le, )cl -1,5,5, (9-32)
Y, =556+ (!1 +he, )ﬂ 9-33)

Simultaneous solution of (9-32) and (9-33) yields

¢ = (ll +Ilcl)xrf +1.5,5,
‘ (]I + "zcz )2 + (!zsz )2 (9'34)

5 = ([I + lzcz) d '"lzszxrr
Tt e ) (9-35)

Division of equation (9-35) by equation (9-34) yields the desired angle of the first

joint

8, = atan2((ll +he, )yd —1,8,%,, (l: +l,¢, )xd +lzszyd) (9'36)

9.6. Path Representation

In most robotic application a path 1s described in terms of a Cartesian co-ordinate

system. A desired path P(x,y) can be separated into a sertes of shorter continuous

paths p,(x,¥) ,p.(x,y) by defining via points as shown m Figure 61
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T e L0

p,(x)
> >
X

a) Cartersian path b) Piece-wise representation

Figure 61 - A piece-wise representation of a Cartesian path

One common representation of these paths 1s in the form of piece-wise cubic
polynomials [107]. A particularly attractive feature of the cubic polynomial
representation is that the end-effector will (1n theory) pass directly through the desired
via points. However, other representations, such as B-splines do not force the end-

effector to pass directly through the via-point.

In general, the polynomial functions usually describe the position of each Cartesian
vanable with respect to ime. This allows the velocity and acceleration along the path
to be specified. For this application only the path 1tself 1s pre-defined, the user-input
force will be used to specify the velocity along the path and the method 1s described in
more detail in Chapter 10 Therefore a series of cubic polynomials 1s used to
describe one Cartestan variable with respect to the other and 1s represented by

equation (9-37) or (9-38). The @,’s and B,’s are found from the known boundary

conditions of each of equations (9-37) or (9-38), 1.e from the position and gradient at
the start and end of the path. Continuity of the path is assured by making the gradient
at the start of the path equal to the gradient at the end of the previous path Care
should also be taken to ensure that the path 1s split into small enough segments so that
there is only one solution to equation (9-7) or (9-8) and that the coefficients remain

finite
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9-37)

x=a, +o,y+a,y +a,)’
y= P+ Bx+ Bx + 5% (9-38)

Once all paths have been represented by the cubic polynomuials it is a simple matter to
use the equations as a look-up reference so that given a desired x (or y) position the
correspondmg y (or x) position can be found Using the inverse kinematic solution
described above it is also possible to determine the joint angles that are required to

achieve the desired position

Using the example shown in Figure 62 it is easy to see that even a simple path
requires a significant number of via points The minmimum number of points that 1s
required to specify the path of Figure 62 is 25. However, only the position and
gradient of the start and end points need to be stored. The polynomial can be

calculated online as the control 1s running

R10 R10
e .
%403 222f
., e25 20
10
19 !
30 R5 16 1718..
' 15 ~.. ®
14 ® — ~ 10 RI10
| -e1
; 13 @ — -~ 10 R10
‘ e o v
30 R5 1211 10 9
8 e
10
' - .e 2 7 0!
’3 4 5 6‘
L J L J
R10 R10
p— 20 -—

Figure 62 - A simple Cartesian path
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Chapter 10 Computed-Torque Control of a Two Degree-of-

Freedom Worm-Driven Manipulator

10.1. Introduction

This chapter represents the design of a computed torque controller for the 2-DOF
manipulator. By measuring joint torque the computed-torque control strategy ensures
safety of the user by never driving against the input force. The control algorthm 1s
shown to force the end-effector to track a desired path with a veloctty determined by
the magnitude of the user-input force. Experimental results show that by directing the
user to apply a force in the correct direction the end-effector can be forced to track the

path without risk to the operator,

10.2. Control Strategy

In order to ensure that the robot does not exhibit motion against the user, the robot 1s
allowed to move only if the torque acting on each joint 1s in the same direction as the
desired motion of that joint These conditions can be expressed mathematically as
given by equation (10-1) and they must both be satisfied in order for the robot to be
able to move as shown m Chapter 3. To implement thrs strategy successfully strain

gauges have been mounted on each link in order to measure the link torques, r,, and

T

actl

sgn (gm ) =sgn (rmll )
sgn(6, )= senlz..,) (10-1)

The user controls the motion of the end-effector along the path by grasping the control
handle and applying a force. Only if the conditions of equation (10-1) are satisfied
are the robot joints allowed to move along the path. The desired (Cartesian) velocity

of the motion, V,, of the end-effector is in a direction determined by the path and at a

magnitude generated by the user input-force and the relationship given mn equation
(10-2) v,

Jdmax ?

F,..,and F_  in equation (10-2) are all positive constants This
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velocity-limiting algorithm is also shown graphically 1n Figure 43 and the relationship

ensures that velocity and acceleration demands for the end-effector are continuous

0 v|F,
|Vd|= Vdm“[_ 201::. - F;mm) + 3unl'ﬁmm)2

<Fyn

max

(Fonse=Foam)  (Fraas = Foma) J VFou SIE[SF,

I/nfm“ VFu > Eama‘( (10-2)
Desired
Cartesian
velocity
Va’ max -
>
User-input
force

Figure 63 - User defined velocity demand

In order to cancel backlash in the worm mechamsm the o and B-unwinding control
strategy is used as in Chapter 7 For motion of a joint in the clockwise direction (1.¢.

8, >0) the motor command voltage for the a-worm 1s set to a constant value and the

B-motor torque, r,, , 15 controlled to unwind the B-worm In this condition the B-

w3
worm leads and the a-worm 1s used to follow the motion of the worm wheel without
applying unnecessary frictional forces to the system Control of motion 1n this manner
is termed B-unwinding control. However, 1n the anti-clockwise direction (ie 4, <0)
the B-worm motor command voltage 1s set to a constant value and r,_ 15 used to
control the unwinding of the a-worm This 1s termed a-unwinding control. In this

mnstance, the a-worm leads and the B-worm follows

134




Two DOF Computed-Torque Control

10.3. Control of the pointer mechanism

A control handle was presented in Chapter 4 that incorporates a pomter mechanism
for indicating to the user the direction in which a force should be applied to
accomplish the desired task The method for deciding the direction 1n which the

pointer should be aimed 1s described below

Firstly, the assumption 1s made that the desired joint acceleration remains small, 1e.

the force, F, described in Chapter 3, tangential to the desired path is small Under

this assumption it 1s possible to map the pointer direction to the desired path direction
by considering the diagram shown in Figure 64 The inner circle of Figure 64
represents the direction of the path divided into the four possible combinations of joint
motion as described by Table 1 in Chapter 3. Similarly, the outer circle represents the
four combinations of joint torque required to resist a user-input force described by

Table 2 also in Chapter 3.

Figure 64 — Regions of user-input force and path direction
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Using equation (10-1), Table 1, and Table 2 the conditions under which motion can be

allowed are

1. If the path exists in region 1, the user-input force must be directed into region A
2 If the path exists in region 2, the user-input force must be directed into region B.
3. Ifthe path exists in region 3, the user-input force must be directed into region C.,

4 If the path exists in regton 4, the user-input force must be directed into region D.

Using these conditions the pointer direction is linearly mapped into the desired
regions A, B, C, or D if the path direction is 1n the regions 1, 2, 3, or 4 respectively as
shown Figure 65. During this mapping no account 1s taken for the magnitude of the

acceleration force, F,, from equation (3-3)

A

Desired Path Direction | [33 3 Eza 1 |

Ponter Direction fapq D ré] B |

1 T 1 1
0 zf2 T 2x/3 2r

Figure 65 - Mapping pointer direction to desired path
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10.4. Mathematical Model

The mathematical model of the 2-DOF worm-driven manipulator 1s given by equation

(9-25) and 1s repeated here for clarity.

Mg+M,g+Cq+Cq+V,g=Br, +J'F, (10-3)
here Jarls J i1 0
W
M. < Agratany,  Agr; tany,
a 2
0 Jazr&zz Jﬁz"e:
Aaz":z tan Va2 Apzr‘;g tany2
Crailn Cwlr; .
C = Aal"‘azl tan y| Aﬂlrﬂzl tany,
' 0 Crastas N Crpatis
Aazrazz tan y, Aﬂzr;z tany,
Fon Por 0 0
— Anira! Aﬂ'rﬂ|
. 0 0 _’.“'JL_ T2 .= [rma] rmm Tnmt Tmﬂz}
Aazraz Agzr‘gz
—IISI _]zslz _lzslz
and 3=
[ llcl +11¢|1 IZCH

However, due to the placement of the strain gauges, 1e on each link, it 1s possible to
simplify equation (10-3) by introducing the terms r,, and r_, which represent
measurements from the two sensors The use of the sensors in this manner
mathematically decouples the dynamic equations due to the explicit knowledge of the
forces acting on each joint, including corolis and inertial forces The position of the
sensors does not allow for the measurement of the total inertial force The small

amount of unmeasured inertial force generated by the residual mertta, M,, includes

the inertia of the worm-wheel, the main shaft, and a small portion of the link up to the
stramn-gauge module The total force measured by the strain gauge sensors is given by

equation (10-4)
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1. =—M-M,)}-V.q+J'F, (10-4)
Iy O
Wherc MO = { 0 J{n] rgn‘ = [rugll Tmfl]r

Therefore, 1t is possible to write the de-coupled system equation by substituting
equation (10-4) into (10-3)

(Ml +Mr}l+(c+crh=Brﬂ +r'ﬂ (10'5)
J, 0
where M, = [ 0 JJ T, = [Tmu Tmz]r

and J, represents the residual mertia of link ».

10.5. Computed-Torque Controller

The difference between the desired trajectory and the actual trajectory 1s defined as

E =[:j="* - (10-6)

Using equations (10-5) and (10-6) it 1s possible to write the error dynamics as
E=(M,+M,)'(M, +M,)g, +(C+C,)g-Br, -7,,) (10-7)

105 1 Joint 1 a-unwinding controller

During a-unwinding control of joint 1 the torque, r,, , 1s used to regulate position. In

order to track the desired trajectory 1t 1s possible to select the computed-torque control

law as

Ar [ - J.rk J " o r
T =22 [ Ty + = ;l A+ fl = (9d1 +ual)+ (Cn +Cr|1)91 -4 T~ Taen
Agdatany, Agrs tany, silm

(10-8)
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where u,, is the Proportional+Integral+Derivative (PID) control law given by

u, =K, e +K, e+ Kmljeldt (16-9)

~ n ~ ~

The terms J,,, J,., J,, A,s Ay, G, €5 B,, and B, in equation (10-10) are the

estimates of J,,, J,,, J,, A,., A, G, C.,, B,, and B, respectively.

10 5 2 Joint 1 frunwinding controller

Similarly r,,, 1s used to regulate position for B-unwinding control of joint I Hence

w1
the computed-torque PID controller given by equations (10-10) and (10-11) 1s
defined

Agra [ 4 Jr Jprl Ao r

_Bals alar

Top = Jo += a] A4 s (Bdl +",ﬂ1)+ (Cu +Cru}91 — e T ™ T
Tor Ay tany, Agprg tany, A

(10-10)

u, =K e +K, e+K,[ed (10-11)

P81 wh

105 3 Joint 2 a-unwinding controller

For c-unwinding control of joint 2, the computed-torque PID controller 1s chosen as

1n equations (10-12) and (10-13)

~ -~ ~ 2

Apataa || 5 VA I pate ( (~ - k 7,

— 92

Tmaz = . g + A2 + A2 Oz + Uy )+ CotCpfPr—= Topz ~ Twrz
82 aztaz AN Y, p2taa tany, A garp

(10-12)

u,=K e +K e +K

paz2 ial

et (10-13)

The terms J,,, J.,, J

Ay Byys Co, B,,and B3, m equation (10-12) are the

FER

C s
estimates of J,,, J.,, J,,, A,,. 4,,, C,,, C,,, B, and B, respectively.

Az 22

139




Two DOF Computed-Torque Control

10 5 4 Jownt2 Bunwinding controller

B-unwinding control of jomnt 2 1s accomplished using the computed-torque PID

controller of equations (10-14) and (10-15).

A,r - Jork J 12 - - r
P L B SO+ S (H +u )+(C +C b—.” T -7
mp 82 2 ) az T gy ntlnp: act?
Agargztany, Agrg tany, TAYY %

(10-14)

U, =K e, +K e, +K, [ed (10-15)

10.6. Experimental Set-up

The 2-DOF mamipulator was controlled using the Mechatronic Workstation described
in Chapter 5 A schematic overview of the system is shown in Figure 66. The
computed-torque control method requires regulation of the motor torque. Closed-loop
control of the motor torque was accomplished by measuring the motor current and
usmg a digital Proportional-plus-Integral (PI) regulator. The pomter mechanism n
the control handle was controlled using the HCTL-1100 Motion Control Interface
Jomt position measurements were obtained from the 5,000 count encoders and
separate HCTL-1100 interfaces were used to decode the quadrature signal into 20,000
counts/revolution Velocity measurement was obtained using a standard backward
difference algorithm. The control algorithm was run at frequency of 600Hz In order
to enhance user safety a foot-switch was introduced nto the system The foot-switch
physically controls connection of all motors to the power amplifiers through relays as
shown in Figure 67. With the foot-switch disabled the amplifiers cannot drive the
motors. The control PC also momitors the state of the foot-switch disabling/enabling

the control algorithm appropriately.
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Figure 66 - A schematic overview of the 2-DOF manipulator control system
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Motor

Foot-switch

Digital Input <— Opto-Isolator

Figure 67 - Implementation of the foot-switch
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10.7. Results and Discussion

To test the ability of the manipulator to track a trajectory the end-effector is required

to track a circular path The path is defined as 0 05m diameter circle that starts at the

manipulators current position

The parameters used to compensate for system

dynamics 1n the control algorithm are given in Table 10. The gains used n the o and

B unwinding controllers are given 1in Table 11

The velocity along the path was

generated from the user-input force using £, =50N, £, =10~,and ¥, . =0005m/s

as given by equation (10-2).

Table 10 - System Parameters

Worm wheel o-worm -worm
Inertia (Kg m*) Jor=Jg2=0 25122 Jar= Jo2=0.003698 Jp1=J3o=0 003698
Viscous Damping | Cp= Cz=0 005 Cia1= Cia2=0 001 Cap1= Cqp2=0 001
N m s/rad
Gear PCD (m) Io1= rg2=0 025 1= =0 0065 = 1p2=0 0065
Static Friction Msot =Psa2=0 12 Msp1=Hspa=0 16
Dynamic Friction Udo 1 =Hdo2=0 10 Rapi=Hap2=0 14
Friction Constant £1=5,=0 001 £,=g,=0 001
Worm lead angle v1=Y>=0 05236 ¥1=y>=0 05236
Jomnt Iink lengths | 1,=0450 m
1L,=0415m
Table 11 - Computed-Torque PID Gains
a-unwinding b-unwinding
Joint 1 Joint 2 Joint 1 Joint 2
Proportional 1000 1000 1000 1000
Integral 100 100 100 100
Derivative 1000 1000 1000 1000

The desired and actual paths of the end-effector are shown in Figure 68 for two laps

of the path. The start position of the end-effector on the path is also illustrated. It can

be seen that 1in general the end-effector of the robot tracks the path with little error.,
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Whilst the plot of x-position 1illustrates good tracking performance the graph of y-
position shows some deviation from the path Figure 69 illustrates the error in the
position of the end-effector shown in Cartestan co-ordinates The x-axis error, shown
in Figure 69a, does not exceed 0 6mm at any time while the y-axis error, Figure 69b,
remains under 2Zmm Figure 70 shows the joint torque measured by the strain gauge
modules. Figure 71 shows the Cartestan components of the equivalent end-effector
force calculated from the measured joint torque During the two laps of the path, four
main points (1-4) have been marked that identify large tracking errors These four
points are shown 1n Figure 68, Figure 69, and Figure 70. It 1s clear to see that these

errors coincide with changes in sign of the measured joint torque, r_, and r_,

The end-effector error, owing to the flexibihity of joint 1, 1s also dependent upon the
manipulator configuration but can be highlighted 1n a static test The test has shown
that for every 10N of user-input force n the y-direction the end-effector 1s deflected
by approximately 1.15mm in the y-axis in the given manmipulator configuration. For
the same force 1n the x-direction the end-effector is deflected only 0.1mm in the x-
axis. By increasing the stiffness of the main shaft of joint 1 the error due to flexibility

can be significantly reduced.
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Figure 68 - Tracking of a circular path
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Figure 69 - End-effector position error
" a) Measured torque of joint |

Torque (Nm)
a

&

* 0 EY 0 © 50 &0 70 % 0 100

Time (seconds)

b} Measured torque of joint 2
0 - ' - — -
!
il _
ool 2 3 4
I

Torque (Nm)
=

@
i

] 10 2 2 ) T s [ 0 80 w 100
Time {seconds)

Figure 70 - Measured joint torque for circular path
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Figure 71 — Applied user-input force

In addition to the circular path of Figure 68, a more complicated path composed of
both linear and curvilinear segments has been implemented. The desired and actual
end-effector positions for one lap of the path (including the start point) are shown in
Figure 72. Figure 73 and Figure 74 illustrate the end-effector position error and the

applied user-input force respectively. The magnitude of the error in the x-axis 1s less

than 0 8mm while 1n the y-axis the magnitude remains under 3mm
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Figure 72 — Tracking of a composite path
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Figure 73 - End-effector position error
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Figure 74 - Applied user-input force

107 1 Discussion

The results presented here are for a given velocity demand that 18 dependent upon the
force that 1s applied by the user. In the simulations of the 1-DOF system the
interaction of the user with the end-effector has been 1ignored. However, in reality the
ability of the user to respond to the motion of the manipulator plays an important role
in the abitlity of the mampulator end-effector to track the desired path. Thus the

F_.,and F__ n equation (10-2) are cntical to the performance of

wmin ? & max

choices of ¥

dmax ?

the controller, 1e. small motions of the first jomnt in this 2-DOF system can mean
significant motion of the end-effector If the user 1s unable to keep-up with the end-
effector the user-force will drop and the manipulator will slow down in accordance
with equation (10-2)  The user then catches up with the end-effector, 1 e. the force
applied by the user increases, and the joint 1s required to speed up. This effect is
compounded further by the stiffness problems of the first joint The net effect of large
V

dmax

1s to generate a vibrating motion at the manipulator end-effector excited by both
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the interaction with the user and oscillations generated from overall system stiffness.
This 1s highlighted by the experimental results shown in Figure 75, Figure 76, and
Figure 77.
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Figure 75 - End-effector position with ¥, =001m/s
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Figure 77 - Applied user-input force

A second problem, related to the user-input command signal has also been highlighted
by the experimental results above. The large errors caused by the changing sign of

r,, and r , stem from the control strategy itself The transitton of the user-mput

actl

across the boundaries defined by Table 2 causes the end-effector position to ‘jump’,
This is explained by the fact that this boundary introduces a discontinuity to the
velocity requirement of equation (10-2). Consider the point when the path crosses the
boundary from region 3 to region 4 of Figure 64. Unless the direction of the user-
input force happens to cross the boundary from C to D at exactly the same time the
control algorithm decides that motion cannot be allowed and the desired velocity, ¥,,
15 set 1o zero. The user compensates for this and changes the direction of the apphed
force to point 1n to region D The controller realises that this condition is suitable to
allow motion and sets the user velocity according to equation (10-2). However, the
desired velocity has instantaneously changed from ¥, =0m/s to a value dependent
upon the magnmtude of the applied force This in turn means that the acceleration

demand is very high. From the defimtion of the motor torque, equations (8-8), (8-10),
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(8-12), and (8-14), a large torque is required from the motors Therefore the system
lurches, resulting 1n a large error Although both axes are affected, the first joint is
more susceptible owing to the configuration of the mechamsm, However, in the

regions were the sign of 7, and r_,, are well established, tacking performance can be

actl

seen to be significantly under 1mm in both x and y axes as shown in Figure 73

10.8. Conclusions

It has been shown that by directing the user to apply a force in the correct way, the
manipulator can be forced to track a desired path without driving against the user.
The error was shown to be less than 3mm 1n magnitude and in view of the large errors
that can be obtained due to the application of a force by the user (approximately 4mm
for 35N) this 1s considered to be reasonable Since the user can easily apply forces to
the control handle 1n excess of 50N, the error due to flexibility within this two DOF
manipulator cannot be tolerated in most medical applications However, a mechanical
re-design of the system and reconfiguration of the manipulator would result 1n
increased robustness to large user-input forces Further development of the control
strategy at the cnitical points where measured joint torque changes sign would also

enhance performance




Chapter 11 Composite Adaptive Control of a Two DOF

Worm-Driven Manipulator

11.1, Introduction

In an attempt to improve on the performance of the computed-torque control
algorithm, a composite adaptive controller fo1 the 2-DOF manipulator 1s presented. In
this chapter a control scheme based on the adaptive controller presented in Chapter 8
is presented It is again shown that the location of the strain gauges significantly

reduces the complexity of the control algornthm

11.2. Control Strategy

The control strategy is the same as described in Chapter 10. Four controllers are
defined, 1e o and B unwinding controllers for the two joints The velocity along the
path 1s generated by the measured user-input force as given by equation (10-2) and

shown m Figure 63.

11.3. Experimental Set-up

The 2-DOF manipulator was controlled using the Mechatronic Workstation as
decribed in Chapter 10, A schematic overview of the system is shown in Figure 66
The composite adaptive control method requires regulation of the motor torque.
Closed-loop control of the motor torque was accomplished by measuring the motor

current using a digital Proportional-plus-Integral (PI} regulator.
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11.4, Mathematical Model

The mathematical model of the 2-DOF worm-driven manipulator is given by (9-25)

and is repeated here for clanty

Mg+M g+Cqg+Cq+V q=Br_+J'F (11-1)

As stated in Chapter 10, due to the placement of the strain gauges, 1 ¢ on each link, it

is possible to simplify equatton (11-1) by ntroducing the terms r,, and r_, which

acty

represent measurements from the two sensors The use of the sensors in this manner
mathematically decouples the dynamic equations due to the explicit knowledge of the
forces acting on each joint This res:dual meitia mcludes the mertia of the worm-

wheel, the main shaft, and a small portion of the link up to the strain-gauge module

r,=—(M-M,)y-V g+J°F, (11-2)
|Ja O
Whel'e Mﬂ _{ 0 JM:l Tuu = [Tmll Tacf!]T

Therefore, 1t 1s possible to write the system equation as

(MB+Mr)q+(C+C,)q=Brm+rm (11-3)

and J, is the 'residual' inertia that generates an acceleration force not measured by

T

ocin *

11.5. Composite Adaptive Controller

The error, E, and filtered tracking error, r, are defined by equations (10-6) and

(11-5) respectively.

e
E=Lz:|—fh“l (11-4)

r=L’i|=E+lE (11-5)
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11.5.1. c-unwinding control of joint n

The de-coupled equation of motion for the system of gears, given 1n (11-3), can be

used to solve for the a-motor torque, r, , by multiplying both sides by A_r,_/r, That

e P

18
A r A r

r,=J, 0 +C. 0 —r ] =z
mran Tan "' n Tan " n acsr ra‘ m Aﬁ’rﬁ’
(11-6)
2 2
Where er = J&' + J.’mrr» + J,:'lr&: %
Artany A r tany | r,
C 2 C 2
C‘Fa = Cra, + :mrm + ;f,thrlh Amrm
A tany, Agr,tany, | 7,
and
Following the method outlined in Chapter 8, equation (11-6) can be written as
T =W, P, (11-7)
T
where w=lo o c., r,| @ =J, C. -Lafa _Balu
r, Aprs,
Selecting the control mput, ¢, , as
Ty =¥o0, + K 1, (11-8)

+A,,e,,) e r. 'rm,,] The least-squares adaptive update law 1s given

n aci

where ¥, = [(9

by equations (11-9) and (11-10) [104, 105]

~ - r o~
b =-p =-P Y- PW. 1.

b, =P ¥ +P Wl W, ) (11-9)

o aan’a at’ fan Jfon T o

and
-1 _ T
Pm - melem
Pm = _Pan,V[Zw me Pun

(11-10)

Substitution of the least-squares estimator given by equations (11-9) and (11-10) 1nto

the time derivative of the Lyapunov function leads to
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(11-11)

1152 P-unwinding control of joint n

Similarly, for B-unwinding control, (11-3) can be used to solve for the B-motor torque

by multiplying both sides by A,r, /r, as given in equatton (11-12).

A,r A r
Top =0, +Cpl, =7, 22 g —LL oy B (11-12)
rt)v Amrm
where Ayr,  Aur, |
- — i
W ﬂu_ [glr Bﬂr Tncm Tmm ] (bﬂ:r - {J? 3 CT,ﬂl - :;f" - mjl
? 2 Cnlm Cori \Aur
I = S0 ¥ oo + ol B Crp=|Cpm + ;rm et ;% . S
- A ratany Ajratany | r, A rptany, Agrstany | or,
Following the method outlined above the control mput, ¢, , can be selected as
Tow =Y, @, +K 0, (11-13)

where ¥, = [(Bd, +/1,,e,,) e . rm] and K ,1s a positive constant control parameter,

The least-squares adaptive update law 1s given 1n equations (11-9) and (11-10) and the

time derivative of the Lyapunov function is given by equation (11-16).

B — b — T, _ T~
Dy, =-P, =-P,Y,r, Pﬂ;Wfﬁlrf,ﬁr

-

q),lir = P,Bu Y/;rlr + P,’brly,ﬁgl (rjﬂl - Wf[h¢[§l) (11-14)

<yt
Pﬁr =h !I*-Wfﬂu

s T
P, =-P, W W P,

I

(11-15)

Vy==K -0, W. W . ®, (11-16)
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11.5.3 Stability Analysis

The analysis of system stability follows the same method as given in Chapter 8
However, the analysis for the 2-DOF system 1s given for clanty and completeness due
to the redefimtion of some variables The Lyapunov functions for a and B-unwinding

may be written as

l/m 21']1'»1": +l$::Pr;|6m
2 2 (11-17)
where the subscript : should be replaced by « or g for a-unwinding and (-

unwinding respectively and »=12 represents the joint number. Similarly, the time-

denvative of the Lyapunov function can be expressed as

A g _%a;"w;m W, <0 (11-18)

By showing that the second derivative of the Lyapunov function is bounded, so
proving that ¥, is umformly continuous, Barbalat’s lemma can be mvoked to show
that the tracking error, 7, and parameter error, @_, both converge to zero. Firstly, ¥,
1s obtained by differentiating equation (11-18) to give equation (11-19).

V,=-2K, rr,-PWIW, & ~OIWIW, &, (11-19)

Therefore, in order to prove that ¥, 1s bounded and ¥, 1s uniformly continuous, 1t

necessary and sufficient to prove that r,, r,, ®,, &,, W

> and W, are bounded ¥,

1s at least negative semi-definite implying that ¥, <¥.(0) and r, and &_ are bounded
Subsequently, from the definition of », 1n equation (11-4), e, and e, are also bounded

Considering ¥, as defined in equations (11-8) and (11-13), ie.

w

Y, = [6{," +ie, 6, ., T,m..] where ¢ should be replaced by B for a-unwinding and o

for p-unwinding and assuming that the mputs, -, .., 4., 8,., and 8, are bounded

mp ¥

then 8., 8 , and ¥, must also be bounded Substitution of the control law (11-8) or

(11-13) into
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Jor=d (0, -6,+2e,) (11-20)

T’ n

leads to

Jor=Y®, —K.r (11-21)

Noting that J,, >0 then -, @, and subsequently r_  are also bounded Since

r,.=W®,, then W,, @ ,and &, are bounded From the definition of the filter, £,

" om?

and the properttes of a stable transfer function in Appendix F it can be seen that ¢, ,

T,y W

ws W, and W, are also bounded Finally, to prove that ¥, 1s bounded, the

parameter update law of equation (11-9) or (11-14) may be written

@, =-PY'r -PW

T (11-22)

From equation (11-10) or (11-15), P, 1s bounded by P_(0) since P, <0 is negative

semi-defimte. From equation (11-22) 1t can be seen that @, 1s bounded. Application

of Barbalat's lemma yields

hm,__¥, =0 (11-23)
and
lim,__r, =0
(11-24)

Since the relationship between - and e,, equation (11-5), may also be written in

terms of the strictly proper, asymptotically stable transfer function, #,(s), such that

e,(s)=1.(s).s) (11-25)

1t must also be concluded that

(11-26)
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Since W, depends on 6,, r,,, and the motor torque, 1t is always non-zero while the

acim 3

controller is operating. This implies that the infinite mtegral condition given by

equation (11-27) holds, where 4__ is the mimmmum eigenvalue,

A {j W (oW, (o) da} - (11-27)

Therefore 1t must be concluded that

Im, &, =0 (11-28)

11.5.4. a-unwinding control algorithm

Figure 78 shows the block diagram representation of the composite adaptive a-

unwinding controller. The terms 6,, ¢,, 6., r,, 1,,., 7., and 7, are assumed to be

mpn Y
known or measurable quantities By substituting the subscript a for B and vice versa

the diagram represents the composite adaptive -unwinding controller
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6, +4e,
6, Current
sensor
aom PI Torque
Lo Controller
o-motor
link »n

....................................................

Filtered Regression Matrix

Least Squares Parameter Update law

Figure 78 - Block diagram of a-unwinding control algorithm

11.6. Results and Discussion

Figure 79 shows the desired and actual path of the end-effector The end-effector,
controlled by the user, performs four 'laps' of the pre-defined path. Figure 80
illustrates the end-effector position error during composite adaptive control of the
end-effector shown in Cartesian co-ordinates The x-axis error, shown Figure 80a,
exceeds Imm and the y-axis error, Figure 80b, exceeds 10mm  Figure 81 and Figure
82 show the measured joint torque and calculated equivalent end-effector force
respectively. It can be seen that the end-effector error 1s greatly affected by the
change 1n sign of the measured joint torque Figure 83 shows the estimates of the
parameters for the two jomts The parameter estimates remain bounded at all times
The control parameters used in this scheme are shown in Table 12 and equations
(11-29) and (11-30).
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Table 12 - Composite adaptive controller parameters

o-unwinding B-unwinding
Joint 1 Joint 2 Joint 1 Joint 2
A, 60 60 50 50
A, 10 10 50 50
10 0 0 0
0 1000 0 0
P A0)=P,(0})=P 10)=P_[0)=
o (0)=P,(0)= 2,0 =P, 0)=| | 102
0 0 0 10
04 04 01 01
00 00 00 00
¢ (0)= @ ()= @ (0)= & _10]=
20=[00] 2,0)=[00 0,020 @a0)=|00
00 00 00 00 (11-29)
10
§)= 11-30
f( ) 5+10 ( )
oo End Effector Desired and Actual Position
| |
: \
ﬂ!‘l 1
i ‘
' J
gﬂiJr ‘
=.20|2 ‘

Tume (suconds)

Figure 79 - End-effector position
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Figure 80 - End-effector error under composite adaptive control
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Figure 81 - Measured joint torque
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a) X-Axis Force
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Figure 83 - Parameter estimates
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11,7, Discussion

The composite adaptive controller does not perform well for the 2-DOF system In
fact, the error can be seen to be at least 5 times greater than under the computed-
torque control scheme presented tn Chapter 10 The composite adaptive controller is
more severely affected by the change in sign of the measured jomnt torque. This 1s
partially because the stability of the composite adaptive controller 1s based on the
continuity of the inputs It was shown 1n Chapter 10 that the continuity of the velocity

cannot be guaranteed with the control strategy that has been presented here.

Performance of the composite adaptive controller 1s also degraded by joint flexiblity
withm the 2-DOF system The controller 1s easily excited by thrs flexibility which

quickly causes the motion to become ‘jerky’ for any useful ¥V, By mcreasing the

stiffness of the main shaft of joint 1 it 1s expected that this effect could be
significantly reduced It can also be seen that the robot arm 1s in a configuration that
yields poor system stiffness The arm has a reach of 0.865m and is close to the
periphery of the workspace. By redesigning the main shaft of jont 1 and
reconfiguring the robot 1t would be possible to make the system much more rigid and

in turn improve the tracking performance

11.8. Conclusions

Using the composite adaptive controller the end-effector tracking error was not
improved. However, both the tracking error and parameter estimates were shown to
remain bounded at all times There 1s a sigmficant difference between the
performance of the two control schemes presented 1n this work If system stiffness
could be increased and the control algornithm modified to give better results at the
critical points where the measured joint torque changes sign, the tracking error could

be significantly improved
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Chapter 12 Conclusions

12.1. Introduction

In this chapter, the conclusions that can be drawn from this work are summarised.
The chapter aims to show how the objectives given m Chapter 2 have been met. The
seven requirements for the manipulator and control strategy are repeated here for

clarity and are defined as

Requirement 1 - The user should also not be able to overpower the manmipulator with
excessive force

Requirement 2+ The robot should move only under the direct control of the operator
Requirement 3.  The robot should not perform unauthorised motion

Requirement 4 :  The manipulator should be unable to provide a motive force against
the user.

Requirement 5  The control algorithms and strategies employed should be robust
against external disturbances such as the user-input force or from the
mechanical properties of the device itself.

Requrrement 6 .  To prove performance of the control algorithm the manipulator
should be shown to track a prescribed path with mimimal error.

Requirement 7 :  The manipulator must be easy to use with little or no training

A list of current and proposed publications that are to be made as part of this work 1s

also included

12.2. Conclusions from this research

This thesis has identified the limitations of passive trajectory enhancing devices such
as PADyC based on a mathematical analysis of a 2-DOF planar robot mechanism
Safety issues associated with the introduction of active devices such as ROBODOC
and ACROBOT have also been luighlighted As a result of this preliminary work an
alternative robotic joint mechanism has been designed The non-backdniveable design

of the jomnt ensures that objective 1 1s satisfied The over-actuated robotic joint, in

combination with a suitable control strategy, enhances user safety The control
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strategy 1s also used to cancel backlash at the gear interface This particular result s
not only significant in the context of medical robotics but also in terms of general
servo-control problems where the elimination of backlash at an output shaft is
paramount Implementation of a footswitch, used as a dead-man's-handle ensures that
the robot only moves under the control of the operator and cannot perform
unauthorised motion Therefore 1t 1s concluded that requirements 2 and 3 have been
satisfied In this particular application low power DC servo-motors have been used
However, the use of larger motors could broaden the range of applications of this

gearbox mechanism.

Computed-torque and composite adaptive control algorithms have been designed for a
1-DOF mampulator based on a mathematical model of the system of gears.
Simulation and experimental results show that for the 1-DOF mechanism, velocity
and position demands can be generated from the measured joint torque The error in
joint position was shown to be less than £0 0015rads The composite adaptive
controller did not sigmficantly outperform the computed-torque scheme However,
the advantages of using the composite adaptive scheme 1nclude robustness to changes
1n system parameters and guaranteed controller stability Use of a suitable control

strategy and footswitch ensures that requirements 4, 5, and 6 are satisfied.

A 2-DOF manipulator has been designed based on the worm-driven revolute joint. A
pomnter mechamsm 1n the control handle indicates the direction in which the user
should apply a force and enhances the ease of use of the manipulator and safety of the
operator. It was also shown that the location of the joint torque sensors (strain gauge
modules) decreases the complexity of the mathematical model by explcitly

measunng the Coriolis and Centripetal forces

A mathematical model of the 2-DOF system was developed so that a computed-torque
control algorithm could be designed to regulate joint position for tracking of a pre-
defined path under direct control of the operator. Expertmental results have shown
that the computed torque control scheme was able to track the desired path to within
3mm. Although this error is quite large, x-axis tracking was shown to be under

0.5mm, most of the error appeared 1n y-axis tracking It was shown that the robot arm
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was in a configuration that yielded poor system stiffness in the y-direction. Hence,
this tracking error has been attributed to the effects of the un-modelled joint flexibility
and discontinuity 1n the velocity command generated by the control strategy. A
second control scheme, namely a compostte adaptive controller, has also been
designed using the mathematical model. Experimental results have shown that the
algorithm is not capable of tracking the desired path with accuracy similar to that of
the computed-torque control scheme. Again performance of the controller was
adversely affected by the lack of system stiffness x-axis error was shown to be under
2mm while the y-axis error was recorded at over 10mm. The computed torque
controller has been shown to track the desired path in the face of disturbances from
friction, user-input force and joint flexibility However, both controllers have been
adversely affected by changes in direction of user-mput force  Although the
computed-torque controller was shown to tack the desired path, the transfer of the

control strategy from 1-DOF to 2-DOF has been unsuccessful.

Despite the differences in the performance of the controllers for the 2-DOF, the 1-
DOF control strategy was shown to work well The composite adaptive scheme has
two distmct advantages over the computed-torque method. Firstly, by performing a
short test procedure before each use, the adaptive controller can be re-tuned
(calibrated) for the current mechanical condition of the mampulator. That 1s, by
systematically training of the control algorithm the control can compensate for the
slow changes 1n system parameters associated with wear at the gear interface and the
within the beaning of the mechanism The computed-torque control algorithm on the
other hand would require periodic re-tuning by a skilled control engineer 1n order to
retain tracking performance The second potential advantage of the composite
adaptive control scheme presented above 1s that of safety. Despite the changes in
system parameters (possibly large changes 1n friction coefficients due to temperature
and wear) the stability of the composite adaptive controller is mathematically
guaranteed. The stability of the computed-torque algorithm under such conditions is
undefined and the tracking performance 1s likely to be reduced due to large variations

in system parameters.
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For robotic manipulators in general, errors in the order of 3mm are quite large. With
this performance the manipulator 1s not be suitable for use in medical applications.
The stiffness of the joint mechamsm has to be significantly increased in order to
improve performance of both the computed-torque and adaptive controllers
However, 1n comparison to the prototype of PADyC, which exhibited errors 20mm
for 20N of input force, the worm-driven manipulator performs well The addition of a
pomter mechanism instde the control handle also improves the usability of system, i e
the operator can concentrate on the task i hand without having to mentally perform
co-ordinate transformations and large changes 1n visual focus This also reduces the

need for training satisfying requirement 7

The worm-driven manipulator should be classified as an active device. Under certain
erroneous conditions caused by possible electronic hardware failure, it is entirely
possible that the motors used in the mechanism could generate motion against the
user. However, the over-actuated nature of the joint coupled with the low power of
the motors mumimises the ability to do harm should both motors fail in opposite
directions. The operator has plenty of time to react, 1e by releasing the foot-switch

and disabling power to the motors.

Significant steps have been made towards developing a safe robotic device for direct
human interaction A 1-DOF robotic manipulator was shown to work well, but the
transfer of the control strategy to 2-DOF has not been hugely successful It has been
shown that a planar revolute joint manipulator can be smoothly controlled to follow a
pre-defined path under the direct control of a human operator However, tracking
performance 1s degraded in the critical regions were the measured joint torque
changes sign The derivation of the requirements for the control of a revolute joint
serial robot (presented in Chapter 3) has played a large role in the advancement of a
control strategy for this genre of device Potentially, a motorised joint is not requrred
and by designing a clutching mechamism that would enable control of the braking

force system safety could be further enhanced.
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12.3. Publications

As part of this research two journal papers (included in Appendix H) have been
accepted for publication. Two other papers have also been submitted to reputable

journals

12.3.1. Published

Reedman. A, V. C., and Bouazza-Marouf, K., Control of an Actively Constrained
Robotic Joint for Passive Deployment Applications, Proceedings of the Iimstitution of
Mechanical Engineers, Part K Journal of Mulit-body Dynamucs, 215, 2001, ppl87-
197

Reedman. A. V. C., and Bouazza-Marouf, K., Composite Adaptive Control of a
Robotic Jomnt for Passive Deployment Applications, Proceedings of the Institution of
Mechanical Engineers, Part I Journal of Control and Systems Engineering, 216,
2002.

12 3.2. Submussions

Reedman, A. V. C. and Bouazza-Marouf, K., Limitations on the deployment of
Passive Arms with Dynamic Constraints, Proceedings of the Institution of Mechamecal

Engineers, Part K Journal of Multi-body Dynamics, Submitted Feb 2002

Reedman, A. V. C. and Bouazza-Marouf, K., An Actively Constrained Two
Degree-of-Freedom Manipulator for Passive Deployment Applications, International

Journal of Control, Submitted in Mar 2002.
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Chapter 13 Recommendations for Further Work

13.1. Introduction

It has been shown that the robot mechamism and the control hardware/software
perform well as a prototype system However, there are certain enhancements that are
required in order to help improve performance and further this research. This chapter
describes certain enhancements to the system that would help to drive this work
forward in order to realise a robotic device that could be used in a surgical

environment

13.2. Control Development Studio

Further work 1n the development of the CDS should involve the addition of project
handling capability. The current method involves the use of automatically generated
make and hink files and requires some explicit knowledge of the Watcom C/C++
package in order to add new files to a control program's build Iist  Work should also
include development of the control program to run independently of the CDS, 1.e. as a

standalone program 1f the user so desires

13.3. Single Axis Motion Control Interface

The Single Axis Motion Control Interface has been proved to be a useful asset to this
work The capabulity of this to control a variety of motors coupled with the digital
and analogue I/O that is available makes this interface incredibly flexible. However,
in its current configuration the card uses the EISA bus, which 1s now being phased out
of PC architecture In order to keep up with current developments in the computer
industry it is recommended that the card be redesigned for the PCI bus so that the

speed of data acquisition could be increased.
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13.4. Mechanical System

13.4.1. Joint Configuration

Due to the physical limits on the rotation of each joint and the way mn which the
manipulator has been designed, the work area 1s limited to the area shown in Figure
84a The shaded area represents the working region of the end-effector based on the

fact that the motion of each joint 1s limited by 8,6, e(-70°, ,70°) Tt can be seen that

the workspace of the robot is very limited Therefore, by rotating the second link
through an angle of 90° it is possible to generate the workspace given by Figure 84b.
This configuration also has the added advantage that the workspace singularities
associated with the straight arm configuration of Figure 84a cannot exist in the bent-

arm configuration

- Zero Position Zero Position

a} Straight arm configuration b) Bent arm nght handed configuraton

Figure 84 - Configurations of a 2-DOF Robot and workspace

The results of Chapter 3 also indicate that a better choice of robot configuration could
be used In particular, the use of combinations of revolute and prismatic joints, such
as 1n a polar configuration are advantageous because the joint can be directly
controlled in the direction of the force without the coupling associated with the type

of device presented in this work A second option would be to use a Cartesian

172




Further Work

configuration which has the advantage that end-effector errors induced by jomnt etrors
are consistent over the whole workspace. However, the Cartesian mampulator has the
disadvantage that the physical dimensions of manipulator are generally larger than its

working volume

However, 1t is felt that a redesign of the joint mechanism coupled with the control
strategies presented 1n this work, the end-effector position error of the 2-DOF revolute

joint planar manipulator could be controlled to be less than 0.5mm in magnitude

A second point of interest 1s that the 2-DOF manipulator and control algorithms
presented 1n this work are only capable of operating safely and successfully 1n a plane
perpendicular to gravity In many real-world applications 1t may not always be
possible to operate the robot under these conditions. For this revolute-jomnt
manipulator a gravity compensating controller or counter-balancing mechanism are
two possible solutions However, owing to the need for more powerful actuators for
gravity compensation controllers and in light of the requirements set out above, the
passive counter-balance method would be preferred 1n safety critical applications
Counter balancing a revolute-joint robot with even as few as 2-DOF 1s not a simple
task. Therefore, a robot configuration with intersecting joint axes (1e Cartesian or

polar configurations) might be more appropriate for the counter balancing approach

13.4 2 Jowint Actuators

One of the fundamental advances of this research has been the development of a
control strategy and pointer mechanism that ensures the mechanism cannot drive
against (and harm) the operator With this 1s mund, it 1s clear to see that if a
clutch/brake system could be developed that would allow the application of a known
braking force, the safety of the operator could be further enhanced by completely
removing the motors from the system A detailed study of braking mechanisms

should be undertaken to effect this approach
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13.4.3. Jownt Mechanism

During the development of the mathematical model for the joint mechanism several
critical assumptions have been made Firstly, it was assumed that the three gears
could be modelled as blocks sliding against each other and that the contact between
the gears 1s umform. The second assumption was made that the worm-wheel never
loses contact with either of the two worms However, 1n reality contact between the
worm and worm-wheel is not uniform and acceleration of the worm with respect to
the worm-wheel can be quite large causing loss of contact between the gears The

effect of this on the overall system needs to be investigated

13 4.4. Control Strategy

The control strategy for the 2-DOF system is flawed 1n the region where the measured
joint torque changes sign. Work to increase system stiffness and to develop more

robust strategtes than those presented 1n this work should be continued.
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Single Axis
Motion Control Interface Card

for reaHime data capture and motion control
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Chapter

1 Introduction

General Description

This single-axis motion control EISA interface card provides 8 channel, 12-bit
analogue nputs, 1 channel, 12-bit analogue output, 8 digital inputs, 8 digital outputs,
and an HCTL-1100 interface for the control of brushed DC motors and 3 or 4 phase
stepper/brush-less DC motors The board can be used on any IBM compahble
machine with an EISA bus

Details of this document

PCB artwork and detalls of how to construct the single-axis centroller (including a
component st and layout diagram) are included as part of the document The
document also detalls the software that has been written to provide fast prototyping of
control systems The software consists of a C library, a C++ class library and example
source code The code has been developed in C++ for both the Windows 9x and
QNX 4 xx operating systems Example system diagrams and application notes have
been included to aid fast prototyping of control systems
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Chapter

Electrical Specifications

Signal Description Signal Name Electrical Specification
Digital Output DOUTO-DOUT7 TTL Logic Levels
Digital Input DINO-DIN7 TTL Logic Levels
Analogue Cutput DAC1T, HCTL DAC + 10v
Analogue Input AINO-AIN7 +3v
Encoder Inputs CHA, CHB, /INDEX TTL Logic Levels
HCTL PWM and Stepper Motor Outputs ~ PHA-PHD, PULSE, SIGN TTL Logic Levels
HCTL Control Inputs /STOP, /LIMIT TTL Logic Levels

Hardware Description

The diagram of Figure 1 below best descnbes the system The 82C55A
Programmable Interface controls the tming of read and write operations from both the
AD7870 analogue-to-digital converter and the HCTL-1100 motion contro! interface
The digitat inputs and outputs are latched and can be accessed by the basic read/write
operations of the host processor A more detaled circut diagram can be seen In
Appendix A The memory map of the motion contro! interface card 1s shown n Table
1 Functions for the contro!l of the tming are included in the software library that
supports the interface card
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Host

ADC
7870

o

J

Analogue
MUX

™

4—— 3 Analogue

’,

PC
EISABus ---{ A} f----m-mmommemaee-
d Addr
d Decoder
r
B C: 82C55A
‘; PP!

x

[
|_$ Control Lines

aD/I_$ Data Latch HCTL
t N Data Latch 1oo
a
B
u
]

[

;:‘ DAC
5 312

-

» Figure 1 - Interface card block dragram

>

_ 8 But Dhgital Qutput

K— <— 8Bt Digital Input

‘:> Motor Qutputs

J— Encoder Input

Inputs

Analogue Output

/0 Name Access Address

8255 PPl 1 —Port A Access Read BASE + 0x00
8255 PPl 1 - Port B Access Read BASE + 0x01

8255 PP! 1 ~ Port C Access Write BASE + 0x02
8255 PP 1 - Controf Byte Write BASE + 0x03
HCTL 1100 Data Read/Wnte BASE + 0x08
ADC 7870 - Start Conversion N/A BASE + 0x09
DAC 312-12Bit DAC Write BASE + 0x0A
Digital Input Byte Read BASE + 0x0B
Digital Qutput Byte Read/Wnte BASE + 0x0C

» Table 1 - Inlerface card memory map
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44 way D type connector

\
- DOUT 6
+5v {13 v a ] DOUT 7
, - DOUT §
DOUT 4 O £ DOUT 2
; & DOUT 0
DOUT 3 50l DOUT 1
4 e DIN?
DIN 6 o 8 DIN 4
& DIN 2
DIN 5 &S .8 DIN3
& DIN |
DINO 5.8 GND
&— GND
GND 5.8 GND
o— CHB
CHA 5.8 /INDEX
& ALIMIT
/STOP .48 PHD
& PHB
PHC & ] & PHA
n & : PULSE
SIGN o . 8- HCTL DAC
& AIN7
DAC 1 o & AING
& AIN4
AIN'S rol AIN3
& AINI
AIN 2 84 AINO
& GND
GND y

o Figure 2 - 44 Way D Type Connector

Setting the Base Address

It s possible to set the base address of each motion control interface card anywhere in
the range O00(HEX) to FEO(HEX) Care should be taken to ensure that two cards do
not have the same address The diagram of Figure 3 below shows a base address of
280 (HEX)

2345678'1'

800 400 200 100 20 40 20 10

Mos! Significant Mddle
Dugrt Engit

» Figure 3 - Base Address Switch 1
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Jumper Settings

There 1s only one jumper on the interface board This provides for the special
synchronisation function of the HCTL-1100 With this jumper 1t Is possible to enable
synchronisation by one of two methods

1) Each board has it its jJumper connected to its own digital output O

2) Each board 1s tied to the digital output of only one board

The first option does not offer anything in the way of useful functionality However, the

second option allows the user to synchronise motion to a common event, 1e all axes
will start moving at the same time

HCTL-1100 Register Map , '

Register Address Regisiter Function
Dec Hex

oo 00 Flag Register

05 05 Program Counter

07 o7 Status Regster

08 08 8 bit Motor Command Port

08 09 PWM Motor Command Port

12 oc Command Position (MSB)

13 oD Command Posttion

14 0E Command Postion (LSB)

15 OF Sample Timer

18 12 Read Actual Posttion (MSB})

19 13 Read Actual Postion

20 14 Read Actual Posttion (LSB)

21 15 Preset Actual Position {(MSB)

22 16 Preset Actual Posiion

23 17 Preset Actual Postion (LSB)

24 18 Commutator Ring

25 19 Commutator Velocity Timer

26 1A X

27 1B Y Phase Overlap

28 1C Offset

Y| 1F Maximum Phase Advance

32 20 Fitter Zero, A

33 21 Filter Pole, B

34 22 Gan, K

35 23 Command Veloctty (LSB)

36 24 Command Velocty (MSB)

38 26 Acceleration {LSB)

39 27 Acceleration (MSB)

40 28 Maximum Veloctty

41 29 Final Postion (LSB)

42 2A Final Postion

43 2B Final Postion (MSB}

52 34 Actual Velocity (LSB)

53 35 Actual Velocty (MSB)

60 3C Command Velocity

o Table 2 - HCTL-1100 register map
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Using the TEST.EXE Program (MS-DOS Version)

This test program 1s for use under the MS-DOS operating system The simplest way
to test the board 15 by the following method

1)

2)

3)

4)

S)

Before running TEST.EXE check that the board 1s getting the correct power
supply Once this has been successfully established, run TEST EXE and use an
oscilliscope to probe

Install the digital input and output components (f required) and test using
TEST.EXE |tis easy to see If the digital output 1s working because of the abilty of
the interface card to read the values that have been set at the output However,
the input can be tested by applying either a logic ‘0’ (Ov) or a logic “1° (+5v} to the
Input

Install and test the DAC312 circuit (if required) The DAC can be tested in several
ways Firstly, connect either an oscilliscope or a digital multr-meter to pin 12 of the
44 way 'D' connector and Ground (1e pin7) Execute TEST.EXE and press ‘t to
test the DAC Set the output to the minimum value (1e the most negative) and
adjust the gain, PR1, until a suitable voltage for the application 15 achieved (MIN —
15v, MAX +15v) This particular amplifier circutt does not include zero offset
adjustment, but can be included externally through further post-amplificaton It 1s
possible to test the DAC further by using the “Output Ramp Waveform” option on
the “Test DAC" menu Using an oscillscope It 1s possible to see the ramp
waveform

Install the Analcgue data capture interface (iIf required) and 82CE5A interface
Run TEST.EXE and apply an input to each analogue channel For test purposes
it 1s sufficent to attach a potentiometer to +3v and -3v supply with the wiper
connected to the input heing tested Tuming the potentiometer in ether direction
will vary the input

The final step s to install and test the HCTL-1100 circuit (if required) and the
82C55A interface (if it 1s not already installed)

m The first test 1s to see If data can be read from/iwntten to the HCTL-1100
This 1s best accomplshed by connecting an optical encoder to the
HCTL's input Again, run the TEST.EXE program and rotate the shaft of
the encoder The value showing the encoder position should change
when the shaft 1s rotated

{ii) Next, the wnte process shall be tested Whilst still running TEST EXE
press the 'd’ key and fype a new position (in encoder counts) to be
entered in to the HCTL and press RETURN The value 1s then wntten in
to the HCTL, read back out and displayed in the same box If the value 1s
not the same as that typed there Is a problem
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(i) Assuming that all 1s well, the HCTL has a new destination value and one
other test can be performed i1n order to check that operation 15 correct
Switch the HCTL-1100 into position control mode by pressing the 's’ key
and selecting Positton control from the following menu  Connect the input
of an osciliscope between pin 41 of the 44 way ‘D’ connector and
ground The ‘scope should be reading either a positive or negative value
(¢ doesn't matter which) Rotate the shaft of the encoder until the reading
15 close to the new destination value Rotate the shaft very slowly
through and past the desired position shown n the program window, the
‘'scope input should have changed directon If the ‘scope is always
reading zero volis check that the gain PR2 is not set too low

Using the TEST.EXE Program (Windows 9x Version)

This test program can be run under the Windows 85 and 98 operating systems
Currently the test program uses two ActiveX controls GraphWindowCtrl and
IndicatorCtrl  These two controls MUST be registered on the computer where the
program 1s to be run A screen shot of the Windows test program 1s shown in Figure
4 The program allows the user view the status of the Digital /O and the HCTL-1100
The state of digital output bit n can be toggled by chcking with left mouse button on the
button labelled oufn  The program also allows the user to change the values of the
HCTL-1100 registers The buttons on the nght hand side mostly control the
functionalty of the HCTL-1100

1

2

10

Start Control - Sets the HCTL-1100 in to the control mode
Position Control - Sets the HCTL-1100 Control mode to position
Set Prop Vel Control - Sets the control mode to proportional velocity control

Set Int Vel Control - Sets the control mede to proportional + integral velocity
control

Set Trap Prof Control - Set the control mode to trapezoidal profile control mode

Set Commutator Regs - Allows the user to set the registers for the commutator for
3 and 4 pahse stepper/Brushless DC motors

Ahgn - Forces the HCTL-1100 to ALIGN the stepper/Brushless DC motor (see
HCTL-1100 data sheet)

Set Base Address - Forces the software to use the motion control interface card
given by the specified base address

Calibrate DAC - Allows the user to test DAC output
Capture Data - Starts recording data from the ADC channels 1-8 By nght-clicking

on the graph a menu can be used to control which channels are to be displayed
and allows the user to edit the graph's properties
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Start Control l

»* sotor Control Interface Card Test Program

HCTL-1100 Flg— - HCTL-1100 Postiion Regsters

O Trap Profile || Encoder Pos ; - 1 Set I
O Unipolar Cammand Pos ;’“‘“m‘“i' Set | Set Posttion Control |

O Prop Velooity

O Hold Comm Final Pos i 1 Set Set Prop Vel Control
) O Int Velocity l ‘

21 Prog Counter i Static  Set l Set Int Vel Contral ]

~HCTL-1100 Sts—,

| Set Trap Prof Control I
t
8 2;?; sl:lgg;ﬁg ~HCTL-1100 Digtal Filter Reqsters '

O Count Config Gan, K § -1 Set [ Set Commutator Hegsl
O Always Zeto e — :
_i__j Ahgn I Reset I

O Trap Piofile Fiter Zeto, &

O Int/de rwmm
lter Pole, B
QO Stop Filer Pole. —-——I Set Base Addiess I

O Limit - HCTL-1100 Digta Fiter Regters oA |
——— : ahbrate
~Digtal /g ——— | Command PV | set | |
Oint @ Outl Command IV a !
Oln2 @ 0ut2 - b
Oln3 ® Out3 Acceleration . Set Capture Data
QO ind @ Outd
O In5 @ Out5 Analogue Input
QIns & Oub M4 g P
OIn7 @ 0ut?
OInd € 0us 1024
. [13]
I
1024
-2048

» Figure 4 - Windows 9X test program
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This Iibrary is for use with development systems ke Microsoft DOS with Microsoft
Quick C This lbrary will allow the user to perform motion control on more than one
single-axis controller The following paragraphs detall each instruction that has been
provided in the library giving comprehensive examples of their use

Initialisation Functions

vord ImtAddr{unsigned int base_addr}

This function must be called before any read/wnte funchon s used InitAddr inbalises the card at
the given address  The inhalisation nvolves setting-up the ports of the 82C55A Interface, resetting
the HCTL-1100 and zeroing the output of the digtakto-analogue converlers  The following
example shows what must be done to inalise a system with two motion control interface cards
before control can begin

#include "metor.h"

#define BASE ADDR1  0x280
fdefine BASE ADDRZ 0x320

void main (void)

{

/* First intialise the two boards */
InltAddr(BASE_ADDRl);
InltAddr(BASEhADDRZ}:

}

Digital Input/Output Functions

void WriteDigitalQut{unsigned int base_addr, char c}

Whies the byte ¢ to the digital output port of the card specified by base_addr
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unsigned char ReadDigitalOut{unsigned int base_addr)

Reads the bytes that has been previously set with WnteDigitafOut The function retums the digital
output port value of the card specified by base_addr

void DigitalOutBitSet{unsigned int base_addr, unsigned char bit, unsigned char set)

Sets or resets a specific bit on the digital output port of the card specified by base_addr bit
denotes the index of the bit to change  If sef ts ‘0" the bit 1s reset | e '0") and if sef1s ‘1’ the bit 15
set{ie ‘1)

unsigned char ReadDigitafin{unsigned int base_addr)

Samples the digital nput port of the board specified by base_addr

Analgoue Input/Qutput Functions

int ReadADC(unsigned nf base_addr, int chan}

Performs an analogue-to-digital conversion of analogue input [chan) and retums the integer value
from the conversion  The conversion Is performed based on the address specified by base_addr
where O<=chan<=7 The example below shows how to create an amay of integer values and
store an analogue-to-digital conversion from the respechive channel in each

#1nclude "motor.h"
#define BASE ADDR 0x280

vold main{void}

{

/* Declare an array of 8 ints and a count var */
int ain[8], 1,

/* Initialise interface card */
InltAddr(BASE_ADDR),

/* Loop thru each of the 8 channels */
for(1=0;1<8;1++)
{

/* Store the ADC wvalue */

ainf[1] = ReadADC(BASE_ALCCR, 1),
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void QutDAC(unsigned int base_addr, signed int val)
Performs a digital-to-analogue conversion of val on the DAC312 and card specfied by base_addr

The analogue oulput appears on pin 12 of the 44 way D' type connector  val 1s Imited fo the
range -2048<=val<=+2047

Low Level HCTL-1100 Control Functions

void ResetHCTL (unsigned int base_addr)
This function forces a hardware reset of the HCTL-1100 motion control nterface on the card

specified by base_addr Please refer to the HCTL-1100 data sheet for a detalled descnption of
the status of the HCTL-1100 after reset.

void SoffResetHCTL(unsigned int base_addr}
This funchion forces a sofiware reset of the HCTL-1100 motion control interface on the card

specified by base_addr Please refer to the HCTL-1100 data sheet for a detaled descrpton of
the status of the HCTL-1100 after a software reset.

unsigned char ReadHCTL{unsigned int base_addr, unsigned char reg_ addr)

Reads data from the HCTL-1100 register specfied by reg_addr on the beard specified by
base_addr For more detalls on register access and register assignment see the section entitled
*HCTL-1100 Register Map" on page 196 This example shows how to inibalise the HCTL-1100

and read the status register  The pre-processor directives and declaration of the mam funchon
have been onitted for brevity

/* Declare variable to store value of status register */
unsigned char sts,

/* Initialise the card */

InitAddr (BASE_ADDR) ;

/* Reset the HCTL */
ResetHCTL(BASE_ADDR):

/* Read the value from the status register */
sts = ReadHCTL(BASE_ADDR, 0x07};
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void WriteHCTL (unsigned int base_addr, unsigned char reg_addr, unsigned char byte)
WrteHCTL puts the value byte into the regrster specified by reg_addr base_addr specifies the

card on which the operation will occur - Again, in this example the pre-processor commands and
declaraton of the mam funchon have been excluded

/* Initialise the card */
Ini1tAddr (BASE _ADDR);

/* Reset the HCTL */
ResetHCTL(BASE_ADDR);

/* Wraite 255 to the sample timer register */
Wri1teHCTL (BASE ADDR, Ox0f, Oxff):

High Level HCTL-1100 Control Functions

unsigned char GetHCTL Status(unsigned int base_addr)

Returns the contents of the status register on the board specified by base_addr

void SetHCTL Status(unsigned int base_addr, unsigned char sts)

Sets the contents of the status register to sts on the board specified by base_addr Only the lower
four buts are set.

unsigned char GetHCTLFlags{unsigned int base_addr)

Retums the contents of the flags reqister on the board specified by base_addr

vord SetHCTLFlags(unsigned mnf base_addr, unsigned char fig)

Sets the contents of the flags register to fig on the board specified by base_addr
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signed long int Gef HCTLPosition{unsigned it base_addr)

Refneves the signed current encoder posttion for the card specified by base_addr

vord Set HCTLPosition(unsigned int base_addr, signed long int pos)

Presets the encoder position to pos counts  This 1s only allowed when the HCTL-1100 is in wdle
mode

signed long int Get HCTLDeswredPosition{unsigned int base_addr)

Retneves the current desired postion in encoder counts from the HCTL-1100's registers

vord Sef HCTLDesiredPositron{unsigned int base_addr, signed long int pos)

Sets the desired position to pos encoder counts

signed fong int Get HCTLFinalPosition{unsigned int base_addr)

Retrieves the final position in encoder counts from the HCTL-1100's registers

void Set HCTLFinalPosition{unsigned mnt base_adudr, signed fong int pos)

Sets the final posibon fo pos encoder counts
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signed int Get HCTL Velocity(unsigned mt base_addn

Retneves the current velocty from the HCTL-1100%s registers in quadrature counts per sample
time

void Sef HCTLProportionalVelocity(unsigned int base_addr, signed int vel)

Sets the registers that contain the command velocity used during Proportional Velocity Control to
vel quadrature counts per sample tme

void Set HCTLIntegralVelocity(unsigned int base_addr, unsigned char vel)

Set the register that contains the command velocity used dunng Integral Velocty Control to vel
quadrature counts per sample tme

void Set HCTLAccleration{unsigned inf base_addr, unsigned int acc)
Sets the acceleration registers used m Trapezerdal Profile and Integral Velocaty Control modes fo

acc quadrature counts per sample tme per sample tme ace 15 a positive scalar number between
O{HEX) and 7FFFF(HEX)

vord Set HCTLMaximumVelocity(unsigned int base_addr, unsigned char vel)

Set the maximum allowable velocity to vel encoder counts per sample tme  vel1s a posibve scalar
number between O(HEX) and 7F(HEX)
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void Set HCTLDigitalFilter{unsigned in base_addr, unsigned char k, unsigned char a,
unsigned char b)

Sets the digtal filter registers gan to k, zero fo a, and pole to b Refer to HCTL-1100
documentation o see how to calculate the values of &, a, and b

vord SetHCTLCommutatorRegs(unsigned mf base_addr, unsigned char no_phases,
unsigned char IsQuadCounts, unsigned char nng, unsigned char
timer, unsigned char x, unsigned char y, signed char offset, unsigned
char max_adv}

Sets up the commutator registers for control of 2, 3, and 4-phase stepper and brushless d¢ motors

Please refer to the HCTL-1100 data sheet for mare informaton an pragrammng the commuator

state-machine

no_phases specrfies the number of phases of the motor

IsQuadCounts mdicates whether the system should use full or quadrature decoding 1 specifies
quadrature decoding, any other value specifies full decoding

nng s measured m encoder counts per forque cycle and is stored In the nng register
timer s specifies the value to be loaded in the velocity tmer register
X gives the number of encoder counts that only one phase 15 active

¥ denontes the number of encoder counts the two consecutive phases are actve x+y =
nngino_phases

offset determnes the relative start of the commutation cycle with respect to the index pulse
timer sets the value in the Velocity imer register

max_ady se's the value in the maximum advance register

HCTL-1100 Control Mode Functions

void StartHCTLControl{unsigned int base_addr)

Sets the HCTL-1100 on the board specified by base_addr to control mode  In posiion control
mode the HCTL-1100 will take desired position values and move {o that postiion
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vord StopHCTLControl{unsigned inf base_addr)

Sets the HCTL-1100 in diefint mode  In posthon control mode any change in desired position will
not cause the axis to move

void SetHCTLPositionControlfunsigned inf base_addr)

Sets the HCTL-1100 n fo positon control mode Use GetHCTLFlags, GetHCTLPosition, and
SetHCTLDesiredPosition to monitor and controd the axis

vord SetHCTL PropVelocityControl{unsigned int base_addr)
Sets the HCTL-1100 in to proporbonal velocty control mode Use GetHCTLFlags,

GetHCTLPosition, GetHCTL Velociy, and SetHCTLPorportionalVelocty to monitor and control
the axis

void SetHCTLIntVelocityControl{unsigned int base_addr)

Sets the HCTL-1100 1 to integral velocty control mode Use GetHCTLFlags, GetHCTLPosition,
SetHCTLAcceleration, and SetHCTLIntegralVeloctty to momter and controf the axis

void SetHCTLTrapProfControl{funsigned int base_addr)

Sets the HCTL-1100 1n to trpezoidal profile control mode Use GetHCTLFlags, GetHCTLStatus,
GetHCTLPosition, SetHCTLMaximumVelocity, SetHCTLRinalPosition,
SetHCTLAcceferation, and SetHCTLIntegralVefocity to monitor and control the aas

C++ Class Library

This library was developed using Microsoft Visual C++ 5 0/6 0 and can be used under
Windows 9x to access the hardware directly
drrectly under Windows NT because of the way in the operating system protubits
readfwnte access to hardware However, it 1s possible to use these classes to write
virtual device dnivers for both Windows9x and Windows NT The C++ library 1s valid
for use in the QNX 4 25 real-tme operating system, but does not compiling using the

Watcom C++ compiler using either the 16-bit or 32-bit compiler/inker
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The CSingleAxisControlCard class can be used in the following way

Constructor

CSingleAxisControlCard .CsingleAxisControlCard

CsingleAxisControlCard{unsigned int addr),

CsingleAxisControfCard(},

Parameters.

addr The base address of the instances interface card

Remarks

Call erther form of the constructor to create an instance of this class One form of the
constructor creates an instance with a predefined address, while the second from simply creates

and instance Problems will occur f the base address has not been set comectly

See Also : GetBaseAddress and SefBaseAddress

Iniialisation Functions

CSingleAxisControlCard::SetBaseAddress

vord SetBaseAddress(unsigned int addr),

Parameters:

addr The base address of the instances interface card
Remarks :

This funchon 1s used to change the base address that this instance refers to

CSingleAxisControiCard:-GetBaseAddress
unsigned inf GefBaseAddress(),
Remarks:

GetBaseAddress does not take any parameters  This funchon retumns the address of the board
that #is instance cumently refers to
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Digital Input/Output Functions

CSingleAxisControfCard.. SetDigitalOutput
vord SetDigitalOutput{unsigned char ch),
Parameters:

ch byte to set at oufput port.
Remarks:

Setthe digrtal output port of the card to the value specified by ch

CSingleAxisControlCard--GetDigitalQutput
unsigned char GetDigitalOutptit(),
Remarks:

This function sample the digital output port and retums the value that currently appears on this port.

CSmingleAxisControlCard::BitSetDigitalOutput

void BitSetDigitalOutput{unsigned char bit, unsigned char sef),
Paramters

bt index of bit to be set or reset (0-7)

set "1’ sets bitfbif] to '1', ‘0" resets bitfbd]

Remarks

BitSetDigitalOutput sefs or resets a specific bit of the digital output port
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CSingleAxisControlCard-:GetDigitalinput
unsigned char GetDigalinput()

Remarks:

This function samples the digital nput port and retum the byte that represent the data on that port.

Analogue Input/Output Functions

CSingleAxisControiCard..ReadADC
long ReadADC{unsigned char chan),
Parameters:

chan Channel to sample data (0-7)
Remarks:

Samples data on channel chan and returns the data

CsingleAxisControlCard". OutDAC

void OutDAC(fong data),

Parameters:

dala Value to be sentout from DAC312
Remarks'

Outputs the given value from the DAC312
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Low Level HCTL-1100 Control Functions

CSingleAxisControiCard::ReadHCTL

unsigned char ReadHCTL(unsigned char reg),

Parameters:

reg address of HCTL-1100 register to retneve data from
Remarks:

Retums the contents of the specified register  See HCTL-1100 register map in Errorf Reference
source not found.

CSingleAxisControlCard::WriteHCTL

void WiteHCTL{unsigned char reg, unsigned char ch),
Parameters:

reg address of HCTL-1100 register n which to write data
ch byte of data to wnte

Remarks:

Wites a byte of data to the register specified by reg

High Level HCTL-1100 Control Functions

CSingleAxisControfCard-"ResstHCTL
vord ResefHCTL(vord),
Remarks*

Force $ a hardware reset of the HCTL-1100 Control Interface See HCTL-1100 data sheet for
nformation on status after a hardware reset
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CSingleAxisControlCard::SofiResetHCTL
vod SoftResetHCTL (vord),
Remarks:

Performs a software reset of the HCTL-1100 Control Interface  See HCTL-1100 data sheet for
Information on status after a software reset.

CSingleAxisControlCard-GetHCTL Stafus
unsigned char GetHCTL Status(vord),
Remarks:

Retumns the status byte from the HCTL-1100

CSingleAxisControlCard::SetHCTL Status

vord SetHCTL Status{unsigned char ch),

Parameters:

ch status byte to be set (lower 4 bits used only)
Remarks:

Sets the lower 4 bits of the status register o the values sets in sfs

CSingleAxisControlCard..GetHCTLFlags
unsigned char GetHCTLFlags(vord),
Remarks

Returns the byte from the flags register of the HCTL-1100
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CSingfeAxisControlCard':SetHCTLStatus

void SetHCTLFlags{unsigned char bi, unsigned char sef},
Parameters’

bit flagtobeset 0,2,3,40r5

set set (1) or clear (Q)

Remarks:

Sets or clears the specfied flag

CSingleAxisControfCard..GetHCTLPosttion
long GetHCTLPosition{void),
Remarks:

Returns the current encoder position from the HCTL-1100

CSingleAxisControlCard:SetHCTLPosition
void SetHCTLPosttion{fong pos),

Parameters:

pos new enceder position

Remarks:

Pre-sets the actual encoders position register to the specified value
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CSingleAxisControlCard.:GetHCTLCommandPosition
fong GetHCTLCommandPostion{vod),
Remarks.

Retums the contents of the command position regsiter

CSingleAxisControlCard::SetHCTLCommandPosition
vord SetHCTL CommandPosion{tong pos),

Parameters’

pos new command posiion

Remarks

Pre-sets the command position register to the specified value
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CSingleAxisControlCard.:SetHCTLCommutatorRegs

vord SetHCTLCommutatorRegs{unsigned char Is4Phase, unsigned char IsFuliCounts, unsigned
char nng, unsigned char imer, unsigned char x, unsigned char y, signed char offset, unsigned char
max_adv)

Parameters:

Is4Phase Specifies 4 phase motor (1) or 3 phase motor (C)
IsFuliCounts Speciies full count decoding (1) or quadrature decoding (0)
nng Contents of the nng register

fimer Determines phase advance at given velocity

X Specifies interval dunng which only one phase Is active

¥ Specifies interval dunng which two pahses are active

Offset Determines relative start of commutation cycle wrt index pulse
max_adv Maximum allowable phase advance

Remarks

Sels the data required to operate the commutator  Refers to HCTL-1100 data sheet for more
information on determining the values for these registers

CSingleAxisControlCard GetHCTLFinalPosition
fong GetHCTLRnalPostion{vord),
Remarks:

Returns the contents of the final posiion register

215



Appendix A

CSingleAxisControlCard::SetHCTLFmnalPosition
void SetHCTLFinalPosition{long pos),

Parameters:

pos new final postion

Remarks:

Sets the final position register to the specified value

CSingleAxisControlCard..GetHCTLFilterGam
signed char GetHCTLFifterGain(void),
Remarks:

Retumns the contents of the digital fiter gain register

CSingleAxisControiCard-SetHCTLFifferGamn
void SetHCTLFiferGam(signed char ch),
Parameters:

ch new filter gan

Remarks.

Sets the digital filter gain register to the specified value

CSingleAxisControfCard. GetHCTLFilterPole
signed char GetHCTLFifterPole{vord),
Remarks:

Retums the contents of the digital filter pole register
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CSmngleAxisControlCardSetHCTLFilterPole
vord SetHCTLFifterPole(signed char ch),
Parameters

ch new filter pole

Remarks-

Sets the digital filter register to the specified value

CSmgleAxisControlCard. -GetHCTLFilterZero
signed char GetHCTLFifferZero{vord),
Remarks

Returns the contents of the digital filter zero register

CSmngleAxisControlCard::SetHCTLFifterZero
voud SetHCTLRifterZero{signed char chy,
Parameters:

ch new filter zero

Remarks,

Sets the digital filter zero register to the specified value

CSingleAxisControlCard::GetHC TLProportionalVelocity
signed mt GetHCTLProportionalVelocdy(void),
Remarks:

Returns the contents of the command velocity register Used in proportional veloctty control
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CSingfeAxisControlCard.:SetHCTLProportionalVelocity
void SetHCTL SetProportionalVelocity{signed inf vel),
Parameters:

vel new command velocity

Remarks,

Sets the contents of the command velocily register to the specified value Used n proportional
velocity control

CSingleAxisControfCard::GetHCTLIntegralVelocity
signed char GetHC TLinfegralVelocdy({vord),
Remarks:

Returns the contents of the command veloatty register Used in integral velocity control

CSingleAxisControlCard..SetHCTLFilterZero
void SetHCTL FifterZero(signed char vel),
Parameters:

vel new command velocity

Remarks:

Sets the command velocily register to the specified value Used m integrat velocity controt
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CSingleAxisControiCard GetHCTLAcceleration
| signed int GetHCTL Acceleration{vord),
Remarks:

| Retumns the contents of the acceleraton register Used in integral velocity control and trapezoidal
| profile mode

CSingleAxisControlCard.. SetHCTL ProportionalVelocity
void SetHCTLSetPropartionalVelocty(signed inf acc),
Parameters:

acc new command velocity

Remarks:

Sets the contents of the acceleration register to the specified value Used in mtegral velocity control
and frapezoidal prefile mode

HCTL-1100 Control Mode Functions

CSingleAxisControlCard- SetHCTLPosttionControf
voud SetHCTL PositionControf{vord),
Remarks:

Sets the flags and status registers of the HCTL-1100 fo postion control mode  Use
StartHCTLControf to enable this confrol mode

CSingleAuasControlCard SetHCTLProportionalVelocityControl
void SetHCTLProportionalVelocityControlfvoid),
Remarks

Sets the flags and status registers of the HCTL-1100 to Proportional Velocity control mode  Use
StartHCTLControf to enable this control mode
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CSingleAxisControlCard.:SetHCTLintegrafVelocityControl
void SetHCTLIntegralVelocityControlivord),
Remarks:

Sets the flags and stalus registers of the HCTL-1100 to Integral Velocty controt mode  Use
StartHCTL Control to enable this control mode

CSingleAxasControiCard:. SetHCTLProportionalVelocityControf
vord SetHCTLProportionalVelocityControffvord),
Remarks

Sets the flags and status registers of the HCTL-1100 to Proportional Velocity confrol mode  Use
StartHCTL Controf to enable this control mode

CSingleAxisControlCard-:SetHCTL TrapProfileControl
vord SetHCTL TrapProfileControl{void),
Remarks:

Sets the flags and status registers of the HCTL-1100 to Trapezordal Profile control mode  Use
StartHCTL Control to enable this contrel mode

CSingleAxisControlCard- StartHCTLControl
vord StartHCTL Controlfvord),
Remarks.

Enables the control loop in the current mode
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CSingleAxisControlCard StopHCTLControl

void StopHCTLControl{vord),

Remarks.

Disables the confrol loop

C++ Code Sample

This simple example creates two instances of the CSingleAxisControlCard class and
assigns each of them a base address The first card is then used to perform a single
movement from the current position to a new destinaton  Both instances are then

deleted

vold main{void)

{

CSingleAxisControlCard *pCardl, pCard2;

// Create 2 instances
pCardl = new CSingleAxisContrelCard (0x280),
pCard? = new (CSingledxisControlCard(),

// Set addr of card2{cardl addr already set)
pCard2->SetBaseAddress (0x320) ;

// Reset the HCTL chips
pCardl->ResetHCTL () ;
pCard2->ResetHCTL(};

// Set card 1 to position contrecl
pCardl->SetHCTLPositionControl();

// Set desired position to 15000 encoder ccunts
pCardl~>SetHCTLCommandPosition (15000} ;

// Start the control
pCardl->StartHCTLControl (});

// We might wait for motor to reach dest position

do

{

}while (pCardl->GetHCTLPosition{)<14995 ||
pCardl->GetHCTLPos1tion{)>15005),

// Stop the control loop
pCardl->StopHCTLControl (),

// clean-up and exit

delete pCardl;
delete pCard?,
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PCB Production Artwork §:

The design of the single-axis controller interface card requires a double sided, plated
through-hole PCB The artwork for each side of the PCB, solder and component, can
be found in Appendix A along with a component list and layout diagram

It 15 possible to populate the board to implement only certan funchions  That 15 if only digital
mnputioutput 1s required there 15 no need to use the relatvely expensive HCTL 1100, 82C58A,
DAC312 and AD7870 components that would not be required in such a stuaton  However, it
must be noted that If erther the HCTL1100 OR the AD7870 are fo be used the 82C55A must be
ncluded for the successful operation of these crreuts  The address decoding logic will always to
be mplemented

Building and Testing the Interface Card

A test program I1s provided as part of the package that enables quick and easy testing
of the motion control interface card The program contains help information on which
keys perform functions The source code for the program can be found in the
examples directory

Address Decoding Circuit

Before installing any of the nput/output circuits it 1s imperative to test the address
decoding logic Install the address decoding logic components and plug the board in to
the computer Table 3 below lists the components required to install the address
decoding crcuit A component layout diagram s included in Figure 11 It 1s
recommended that capacitiors C1-C14 be installed regardless of how many circuits
are to be used

Figure 5 shows the circuit diagram of the address decoding logic A memory map
showing how the logic decodes the address signal is given in Table 1 on page 194
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Qty | Component identity
2 741502 — Quad Dual input OR gates us, us
1 741.S27 — Triple three input OR Gates u10
1 74L804 — Hex Inverter u7
1 74L5138 - 3-t0-8 Decoder U6
1 74LS521 - 8 bit identity comparator us
1 10K 8 resistor 9 pin network RN1
1 8 way DIL switch SW1

» Table 3 - Address decoding circult components

Pnor to installing the card in a computer it 1s necessary to check that no damage wil!
occur to the power supply  Using a digital multi-meter check that there 1s no continuty
between pins B1, B3,or BS of the EISA connecter, which represent ground, +5v and -
Sv respectively Set the base address to a surtable value checking that it will not
conflict with other ISA devices such as sound cards, network adapters, etc  See
“Seting the Base Address” on page 195 for more details of this process

Once the nterface card has been installed, run the program TEST EXE (it does not
matter if you use the MS-DOS or Windows 9x version of the program) Using an
osciliscope It1s then possible to check the operation of the address decoding circuitry
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Firstly, check that the I1C’s U5-U10 are receving the correct power supply  If it 1s not
make sure that the interface card has been installed properly

With the test program running connect the osciliscope probe to pin 18 of US  The
signal on this pin should be normally high (logic 1), periodically going low (logic 0}  If
this 1s not the case check that pins 2, 3, 6, 8, 11, 13, 15, and 17 of U5 are recewving
data from the address bus If the address signals are appearing at these pins check
that the base address selected on the card and the base address used by the
program are the same  Otherwise check that the card has been installed properly and
that the power supply I1s stable, probe pins 3, 5, 7, 9 12, 14, 16, and 18 to see if the
resistor network RN1 and the switch SW1 are working correctly

The next step is to venfy the operation of the 74LS138 3-t0-8 decoder, U6  Using the
osciliscope probe check that pin 16 and pin 8 of UG have the correct supply voltages
and that pin 4 of U6 has the same signal has pin 19 of U5 Pin 5 of U8 should always
beOv Pins 1, 2, 3, and 6 should be connected to A0, A1, A2, and A3 of the address
bus The test program penodically reads the digital input in order to update the
display Pin 12 of UB represents the selection of the digital output interface as the
current device, normally high penodically going low  This signal 1s ORed with /IOR
from the EISA connector and 1s used to select the digital input device when a read
operation Is performed on this particular address Pin 1 of U9 should be normally low
penodically going high, and pin 12of U7 should be the inverse of this  If this 1s not the
case check the power supply to U9 and U7 |t 1s also possible to check the operation
of the other device selection signals, refer to Figure 5

Digital O Circuit

Figure 6 shows the crcuit diagram of the digital /O interface and Table 4 lsts the
components required to implement the circuit
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Qty | Component Identity
3 7415373 — Octal Data Latch U16, U17, U18
1 10K 8 resistor 9 pin network RN2
1 3 pin 0 1" pitch jumper J1

s Table 4 - Digital IO circuit components

Once the components have been soldered into place, install the interface card in the
computer and check the power supply on pins 10 and 20 of U16, U17, and U18 Run
the test program and check that the digital signal /DI_RD s being received on pin of
U16 If this 1s successful try holding the digital inputs (DINO-DIN7 on the 44 way D
type connector) to ether ‘1" or '0' via a 10K resistor, a diagram of this operation 1s
shown in The value applied to the input should be mirrored in the test program

DINO ——

DIN7

» Figure 7 - Testing digital input

To test the digital output use a probe to monitor pin 11 of U17, normally low When the
user changes the data that 1s written to the output port, pin 11 of U17 will go high for a
short perod and the data at the output will change Either side of the wnte cycle a
read 1s performed on the digital output, this can be monitored on pin 1 of U18  Again
the display in the test program should mirmic the data on the output port

Digital-To-Analogue Converter Circuit
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Qty '(_:omp-(_)nent Identity

2 74L3373 — Octal Data Latch U1, U12

1 DAC312 uU13

1 QP-42 or TLO71 U4

2 10K Resistors (0 25W) R1,R3

2 5K Resistors (0 25MW) R2, R4

1 100K Cemmet Tnmmer PR1

1 0 1uF Capactor C15

Analogue-to-Digital Converter Circuit
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e Figure 9 - Analogue Input Circurt
Qty Component [dentity
1 DG408 MUX 16 pin DIL uz2
1 AD7870 28 pin PLCC u3
1 8255C PP1 40 pin PLCC u4
1 74LS27 Trple three input NOR gates U10
1 UA741 u23
1 9K1 Resistor {0 25W) R10
1 3K9 Resistor (0 25W) R11
1 1K Resistor (0 25W) R12
1 220 pF Capactor C16
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HCTL-1100 Circuit
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Qty Component identity
1 HCTL-1100 40 pin PLCC un
1 1 MHz Xtaf Oscifiator 14 pin DIL TTL output ms
1 DACO8 19
1 OP42 or TLOT1 20
1 74LS373 — Octal Data Latch U21, uz2
1 5K Resistor (0 25W) R5, R6, R8
1 10K Resistor (0 25W) R7
1 1K Resistor (0 25W) R9
1 100K 24 Tum Cermet Tnmmer PR2
1 220 pF Capacitor C13
1 0 1 uF Capactor C14

Full Component List

The components that are required to bulld one single-axis controller interface card

0 1uF Multi-layer ceramic Capacitor 50v DC

Qty | Component Identity
7 | 74LS373 — Octal Data Latch U1, U12, U15-18,
2 | 74L802 — Quad Dual input OR gates us, U9
1 74L527 — Tnple three input OR Gates uio
1 74LS04 — Hex Inverter uz
1 7415138 - 3-to-8 Decoder us
1 7415521 — B bit identty comparator us
1 DAC312-12 bt DAC u13
1 DACO08 - 8 bt DAC u1g
1 82C55A (PLCC package) - Programmable Penpheral Interface U4
1 HCTL1100 (PLCC package) — General Purpose Motion Control IC u1
1 | ADC7870 (PLCC package)}— 12 bt ADC u3
1 ADG408 - Single 8 channelDifferential 4 channel analogue MUX uz2
1 741 Operatonal amplifier uz3
2 TLO71 Low noise Operational Amplifier U14, U20
1 1 MHz Xtal Oscillator 14 pin DIL TTL output u1s

14

C1-12, C14,C15
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220pF MultHlayer ceramic capacitor 200v DC
10K Resistor 0 25W

9K1 Resistor 0 25W

5K1 Resistor 0 25W

3K9 Resistor 0 268W

1K Resistor 0 25W

10K 8 resistor 9 pin network

100K 24 Tumn Cemmet Tnmmer

8 way DIL switch

44 Way 90 deg, PCB Mount, High Density D type connector

3 way Square pin KK header (with fnction lock)
3 pin 0 17 pitch jumper

C13
R1,R3,R7
R10
R2, R4-6, R8
R11
R9
RN1, RN2
PR1, PR2
Swi
CON3
CON2
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Appendix B Power Electronics Interface Connection

Diagrams

The diagram 1in Figure 85 shows the layout of the back plate from the power
electronics interface unit.  Each column of connectors represent the mputs and
outputs of one single axis. There a five mulit-pole connectors and 3 uni-pole
connectors for each axis. The mulit-pole connectors are labelled (from top to bottom)
Control Card Input, Encoder Input, Motor OQutput, Digital /O, and Analogue Input.
These five connectors are discussed in more detail below The unt-pole connectors are
labelled (from left to right) Motor Voltage +, Motor Ground, and Motor Voltage - and

are for connecting the power supply to power the motor
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Figure 85 - Back plate dimensions
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B.1. Input and Output Connector Diagrams

B. 1.1 Control Card Input

It should be noted that this connector does not exactly match the output of the Single
Axas Control Interface Care should be taken when wiring an interface cable The
+12V and -12V supply are connected to the 3 pin Molex connector on the Single Axis

Control Card.

30
12v o & AIN©
O AN1
AIN 2 5 o AIN 3
o AIN 4
AIN'S o O AIN6
O AIN7
DAC O 0 HCTL DAC
o
SIGN O O gg g
Cr
PHC o O PHD
o /LIMIT
/STOP o O /INDEX
) CHB
CHA o 0 GND
O GND
w0 o8
DIN © DIN 3
° o O+ DIN 2
DIN7
O
DIN 6 o 0 DOUT 1
O— DOUT 0
DOUT 3 o o— DOUT2
O DOUT 5
DOUT 4 o, DOUT 7
O s
o IV DOUT 6
+5v y

Figure 86 - 44 Way D-Type Control Card Connector
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B. 1.2 Encoder Input Connector

GND CHB CHA /IND +5v

%99& ?CL T(LGTIJV

N/C NC NC NC

Figure 87 - 9 Way D-Type Encoder Connector

B 1 3 Motor Qutput Connector
vC NC PWM+ N/C NC PHA PHC M+
| ] ] | 1 l | |
PSP S 0 S !
S R G G A
St

GND NC PWM- NC PHB PHD M+

Figure 88 - 15 Way D-Type Motor Connector

B.1 4 Digital I/O Connector

N/C NIC OUT6 OUT4 QUT2 OUTD N/ IN6 IN4  IN2 INO N/C  +5V

\3£$i$£$$$£i$£i

P9 9y 997 99 9 ¥ 9N
IR I A O

GND OUT7 OUT5S OUT3 OUTI N/C IN7 IN5 IN3 INI NC NC

Figure 89 - 25 Way Digital IO Connector
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B.1.5 Analogue Input Connector

AINE  AIN2Z  AIN3 AIN4 AINS

&& <L'<L95<L/

AING AINT N/C GND

Figure 90 - 9 Way Analogue Input Connector

B.2. Internal Connector Diagrams

So that new cards can be designed for the system, the three interna! connectors for

each axis are described here

B 2.1 Isolator Connectors

The uppermost of the two connectors for the isolator board represents the signals
to/from the interface card The lower connector connects the power amplifier board
and digital IO The symbols m the diagrams have the same meaming as in the
Interface Control Card Manual, with the addition to some of the symbols indicating

that it is a high-power output (PO)
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B.2 2 Motor Amplifier Connector

MOTOR W+

PHA_PO

PHC_PO
OWER +5V :

PHD_PO

PHD
PHC
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VCMD1POQ

HCTL_DAG
DAC1

PWM PO1

PWM PO2

SIGN
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POWER GND

MOTOR V-

CON1
F Type 48 Way
connector

Figure 92 - Motor Amplifier Connector
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Appendix C  Control Development Studio

Programming/User Guide

C.1. Getting Started

Turn the motion control PC on. When the Photon Login appears, logion as roof (no
password 1s required). Once Photon has started, select Control Tools from the Task
Bar and click on the Icon for the CDS.

The sequence that a user needs to follow in order to run a control program is as

follows:

1 Using the CDS the user selects the desired control program from a file-list

2. The CDS spawns the selected program (starts 1t running) as a separate

process.

3. The control program immediately starts communication with the CDS in

order to relay information about data logging and control variables.

4. Once this operation is complete the user can customise the control by
changing how logged data 1s to be displayed 1n the graph and altering the

parameters from the control variable list

5. In order to start/stop the actual control loop being performed (1 ¢ enabling
the desired interrupt source) the user left-clicks with the mouse on the
"Start Control" button (while the control 1s runming the label on the button

is changed to "Stop Control")

6 The control loop 1s performed every time an interrupt occurs and until the

user left-clicks the "Stop Button"
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C.2. Generating a new control program

By selecting "New Control” from the "Control" menu a file selectton dialog is
displayed Select the desired base directory where the new control program 1s to be
generated Also type the name for the program (e g mycontrol) in the dialog box and
click "Done" A number of files are then generated in a directory that has the

following structure:
o base directory
e mycontrol
* inc
L o mycontrol h
— e src
Lo mycontrol.cpp
— o makeme

- & makefile

— o [linkfile Ink

The files mycontrol h and mycontrol cpp contain the base C++ code that 1s required to
fully generate a control. The example included in the code, uses the 20ms internal
clock interrupt to generate and log a sine wave. The CDS also compiles, links and

automatically loads this control (called ./base_control/mycontrol/mycontrol)

C.3. Building a control program

The control program requires that there are at least the following four functions
avatlable somewhere n the code files
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(1) InitControl()
(11} StartControl()
(iiiy  DoControl()
{1v)  StopControl()

These four functions are described in more detail below The code provided by these
functions 1s linked with the base control library (basecontrol ib) which provides
functions for communicating with CDS In order to build the control program select
"Make" from the "Control" menu The control program 1s then compiled and hinked

and any errors are reported. The control program 1s not automatically reloaded

C.4. Running a control program

To select the control that needs to be run, click on the 'Open’ command from the 'File'

menu Select the desired program from the file selection dialog.

C.5. Saving Logged Data

Once the control has been run, the user 1s able to save the data in a tab-delimited text
format This file can be copied to a Windows machine and opened using Excel

Select 'Save' from the 'File' menu using the mouse

C.6. Editing a control program

In order to be able to generate the various types of control that may be required, 1t will
be necessary for the programmer to develop and insert code in to the four mamn
functions described above To enable quick and effective editing, the CDS uses a
generic text editor (ved:f). To start the editor select "Edit" from the "Control" menu
The editor 1s automatically started and the programmer will need to load and edit the
C++, header, make and Imk files For more help on editing make and link files the
programmer is referred to the online QNX and Watcom C/C++ help
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C 6 1 int InitControl(void)

In order to register and pre-initialise the log and control variables the control program
calls this function Calls to AddLogVariable( ) and AddControlVariable(. ) should
be made here The ImitControl() function also serves to inform the control program
which 1nterrupt is to be used in the control algorithm by returning the interrupt
number By returning the number -1, the default 20ms system timer 1s used as the

interrupt source.

C 6 2 void StartControl(void)

This function 1s called when the user clicks the start button This function allows the
programmer to imtialise control and log vanables before the interrupt (specified by
the InitControl function) is enabled If for example, the interrupt is to be generated
from a programmable timer, the programmer might set the interrupt frequency using

this function The programmer should also intialise any electronic outputs here.

C.6 3 void DoControl(long count)

The function DoControl 1s called every time an interrupt 1s received The variable
count contains the number of times the interrupt has been triggered The programmer
should be aware that the control program does not check to see if time taken to
perform the interrupt takes longer than the time between interrupts If data needs to
be recorded 1t should be sampled at the end of DoControl using the LogVariables
function. The function DisplayUserMessage can also be called here to display

information to the user or for debugging purposes

C 6 4 void StopControl(vord)

This is called once the user clicks on the 'Stop' button 1n the CDS The programmer

should put all hardware into a safe state in this routine, i e make sure all motors are
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turned off etc It 1s also possible to call the function UpdateControlVariable in order

to force the CDS to update any control variables that have been changed during

C.6 5 int AddLogVariable(char *buffer, double *pfVar, long cir)

The AddLogVariable function 1s used to inform the control program and the CDS that
the vartable (of type double) specified by the memory address pfVar is to be recorded
every time the function LogVariables 1s called The text given in the argument buffer
1s only used 1n the CDS as a label for the button 1n the log variable window. The
variable clr is used to give the colour that should be used to draw the plot of the
variable pfVar. The colour that is to be used for the plot, clr, 1s specified using a
standard 32-brt hexadecimal colour code of the form 0x00rrggbb. If the operation
was successful the function returns the total number of log variables that have been

declared otherwise 1t returns -1.

C 6.6 void LogVariables(void)

Forces the control program to send a list of the current values of all registered log

vanables to the CDS The CDS then stores these values for plotting

C.6.7 int AddControlVariable(char *buffer, double *pfVar)

This function 1s used to mform CDS that the user can change the varible given by the
pointer pfVar from the CDS The text given by buffer 1s only used by the CDS in the
control vartable window. By clicking on the respective entry in the control variable
window the user can edit the desired variable This is particularly useful when tuning
of control gains, as the control does not need recompiling to change only variable
Again, 1f the function was successful 1t returns the total number of control vanables

that have been declared otherwise it returns -1

C.6.8 void UpdateControlVariable(double *pfVar)

The UpdateControlVariable function allows the programmer to force the CDS to

update the value of the variable in the control variable window. The CDS is informed
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using the message passing connection and 1t 15 not recommended that this function be

used 1 the function DoControl.

C 6 9 void DisplayUserMessage(char *pstr)

This function 1s used to display the NULL terminated text string given by psir 1n the
log messages window. This function is useful for displaying status messages to the

user or debugging information for the programmer

C.7. Adding Library and C++ Source files

In order to add code from third party sources or to help organise the code 1n a more

efficient manner 1t may be necessary to add many library and C++ source files to the

C.7.1 Library Files

In order to add a library file (* /ib) to the project modifications to the linker file are
required. Open the file /base directory/linkfile Ink and add full name (including the
path) of the library file 1n the line

‘file fullpath/libraryname.lib

at the end of the hist of files. An example is given below. The control program can
now be rebuilt using the make command from the control menu. The new library file

will be linked into the exectuable

C.7.2 C++ Source Files

To add C++ source files (* cpp) to the list changes to both the make and link files are
required Firstly, open the file /base directory/makefile. The make file needs to be
told how to deal with the new file  Copy the C++ source file to the

/base_directory/src/ directory (for tidiness) and at the end of the make file add the

line:

240




Appendix C

srcfile.o: <tab> ./src/srcfale.cpp [ + list of dependencies)

where srcfile o 1s the name of the object file that will be created from the source file
srcfile cpp One other change also need to be made to this file. This command

informs the compiler of the dependency of the files on the main program The line:

Mmain: ./src/myCT.o

should be modified to include the name of the new object file The addition 1s shown

in below 1n bold letters

main: ./sre/myCT.o ./sre/srcfile.o o T ’ -

The list of dependencies is a list of files (including the pathnames) that the source file

depends on See the Watcom C++ Help on make files for more information.
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C 7.3 An example make file

The followmg example is the make file for the 1-DOF control program. In this
program a file called filter cpp was added to the project The bold letters show the

changes that were made in the code sample below-

¥ Make file for control project mylt 7T T o ommmmmmmemm
# Generated - Fri Jan 5 10.13:39
.SUGFFIXES: .c¢ .cpp .0

CPP = wpp386

o o gl

INC = /usr/watcom/10.6/usr/include
CPPOPTS = ~-zu -s

.Cpp.o:
$(CPP} -i=${INC}) ${CPPOPTS) $<
ZCLO3
wce -zu "-We,-s" -T1 $<

main: ./src/myCT.c ./sre/filter.o

Beas m b e e

wlink @lainkfile.ink

Bt b,

myCT.o. /inc/myCT . h
filter.o: ./inc/failter.h ./src/filter.cpp
C.7 4 An example hink file

Along with the source file that was included 1n the myCT control program a library
file for the Single Axis Interface Card was also included Again the bold lettenng in
the code sample below show the changes that were required 1n order to successfully

build and compile the program.

fife myctr T 7T 7o S T o o
file filter

fale /home/mcaver/ContrelblevStudic/Control/basecontrol.lib
file /home/mcaver/SAMC/lib/samccl.lab

i .

o

libpath /usr/watcom/10.6/usr/lib
op map=myCT.map
op priv=l

format gnx
name myCT.ctl
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D.2. Link Assembly

Drawing # | Title Qty for 1 unit
10 Link Arm 1

11 Link End 1 1

12 Link End 2 1

13 Strain Gauge Module 1

14 Link Assembly 1
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D.3. Joint Assembly

Drawing # | Title Qty for 1 unit
15 Upper Base Plate 1
16 Lower Base Plate 1
17 Joint Base Unit 1
18 Main Shaft 1
19 Stock 1
20 Link Mounting plate 1
21 Encoder Anchor Pin 1
22 Encoder Bush 1
23 Worm Wheel Modification 1
24 Joint Assembly 1

259




27 Theu Hole
4 x @6 2 Thry' Holes

72

[= 10 == 15 ™ C/BORE 240 7.5 Desp
2 x5 Dowel \ —-—l——s /—9351?53‘“95'/_3;:5“_1'%
}

/

38

2925

e

2925

092

55

110

Matenal Steel Plate 14mm Thick

TITLE

Upper Base Plate

1 off
________________ SIZE CAGE CODE DWGNO i
Ad Drawing # 15 !

--------------- SCALE 11 SHEET

{ xXipuaddy



192

2 x 25 Dowel \

@27 Theu™ Hole

1z

]

2025

a2

535 Beaving Fit
11 Deep

Matenal Steel Plate 14mm Thick

TITLE

Lower Base Plate

1 off
SIZE CAGE CODE DWGNO ;REV
Ad Drawing # 16 !
SCALE SHEET

11

d xipuaddy



9¢

Matenal Steel

TITLE
Joint Base Unit
1 off
SIZE CAGE CODE DWG NO TREV
Ad Drawing # 17
SCALE 12 ISHEET

(d XTpuaddy




£9¢

122

@5

2 sy
Fuanng Fit M3 Mreany

Matenal Steet

TITLE
Main Shaft
________________ SIZE CAGE CODE DWG NO |REV
Ad Drawing # 18 !
""""""""""" SCALE q 4 SHEET

(1 xrpuaddy




el - - -

A hoias
/ M3 20 Dasp

fFan

S Sip qpuininbepun

f — - —]

L DOS-E——

f_-F----:-:
{L-L E—

— - =

ot e e o .

¢
e

93

Matenal Steel
TITLE
SIZE CAGE CODE DWG NO |REV
Ad Drawing # 19 !
SCALE 4 4 SHEET

{d Xpuaddy




$9¢

Matenal ALuminium Plate 18 Smm Thick

TITLE
Link Mounting Plate
________________ SIZE CAGE CODE DWG NO |REV
Ad Drawing # 20 !
"""""""""" SCALE 4 4 SHEET

(1 X1puaddy



99¢

@4 M4

34

Slot for Screwdnver

Matenal Steel

TITLE

Encoder Anchor pin

SIZE CAGE CCDE

A4

DWG NO
Drawing # 21

F——

SCALE 21

SHEET

 xrpuaddy




L9T

@12

28 REAM

Matenal Steel

TITLE
Encoder Bush
________________ SIZE CAGE CODE OWG NO ‘IREV
Ad Drawing # 22 !
—————————————— SCALE 54 SHEET

<1

 XTpusddy




89¢

Bought in component

HPC Gears Order Code PMO 8-60
Bossless 60 tooth ¢ 8 MOD Worm Whee!

Bl
M5 Crenvan &
E ualy stoo 100 B35 ards

Matenal Phosphur Bronze

TITLE

Worm Wheel Modifications

________________ SiZE CAGE CODE DWG NO erEV
Ad Drawing # 23 |
_______________ SCALE {4 SHEET

{ Xipuaddy




69¢

8
&  Alpha Dnve Assembly
|15 9  Befa Dnve Assembly
15 Upper Base Piate
16 Lower Base Plate
17 Jomnt Base Unit
18 Main Shaft
19  Stock
20 Link Mount Plate
21 Encoder Anchor Pin
~1g 22 Encoder Bush
23 Wom Wheel
TIHLE
Joint Assembly
________________ SIZE CAGE CODE DWG NO iREV
Ad Drawing # 24 !
_______________ SCALE 419 SHEET

{ Xipuaddy



Appendix D

D.4. Control Handle Assembly

Drawing # | Title Qty for 1 unit
25 End Effector Mounting Plate 1
26 End Effector Base 1
27 Control Handle Shaft 1
28 Control Handle Bearing Housing 1
29 Control Handle Motor Housing 1
30 Control Handle Motor Mount 1
31 Pointer Rotor 1
32 Control Handle Sleeve 1
33 Control Handle Optoswitch Assembly 1
34 Control Handle Assembly 1
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Appendix E  Derivation of Mathematical Model

E.l. Casel

The system can be represented as a pair of honizontal shding wedges with a block
sliding n-between, corresponding to the two worm gears and worm wheel
respectively, The free-body diagram of the simplified system is characterised by
Figure 93, which shows that the upper wedge represents the a-worm, the worm wheel

1s shown as the centre wedge and the lower wedge represents the J-worm.

Fuer —

B-worm
a-worm

I
! 1
1 |
1 t
1 ® Mz+( 2z t
1 Fp 1
1 \ Fep ]
1 P My+C.y \
' »
! ® s> |
! 4 T e 7 77 7 T I 1
! — ¥ !

Figure 93 — Free-body diagram: Case L.
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Appendix E
The equations of motion (EOM) for the wedges and block are given by
Mx+Cx=P —F, siny—F,, cosy (E.1)
Myz+Cyiz=F - F, +F _cosy+F,smy~F cosy—F, sny (E.2)
My+C,y=P +F smy—F,cosy (E.3)
Solving (E 1) and (E.3) for F,, and F,, respectively yields
F o= P-—Mx-Cx—F_cosy
- siny (E.4)
and F\,=_P‘“+Mﬂy+cﬂy+ F cosy (E.5)

simy
The frictional forces within the system have been modelled using an exponential
stick-slip friction model [96] During motion, 1.e. when x#0, y=0or z#0, the
frictional forces that oppose motion, F,,andF,,, are described by
P bl K [ )

(E.6)

L

and Fsﬂ =[/”dﬁ + (Ju‘.',a _Juvﬂ'k o ]FM sgn(z). (E'7)

It is also assumed that no backlash 1s present 1n this system. Therefore, from Figure

03, it is easy to show that x, v, and z are related by

x=yp=?Z (E.8)
tany

Substituting (E.4), (E 5), (E.6), and (E.7) nto (E.2) and applying (E.8) yields the

system dynamic equation

P M,z+C

A A tany Ay, Ay tany

al

(E.9)
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Slﬂ}’+{ﬂda - U, ”""’"’]Sgn(z)cosy
where
cos}, [Juda + (ym #;a ull\rmnr sgn(z)sm }( (E.IO)
-
SINYy —| Myt (zu ﬂ,;,g “m”w sgn(z)cosy
and
cosy-{pdﬂ +(y - Hy “‘""""Jsgn(z)smy (E.11)

Converting from the linear co-ordinate system, z, to the rotational system, &,

substitution of J,/r?, J, [r2, J,[ri, Culrs, Colri, Culri, t. /v, Tultes
7,5/7s» and @ r, in place of M,, M,, M,, C,, C,, C,, F,, P,, P,, and z
respectively, yields equation (E.12)
or} or?
J,0+J, 2 +J, z +
A ritany A, rytany
or} Or} T T,F,
C.,0+C, z +C, 2 =7 420 4 L0
Aalra tan y Aﬂlrﬁ tan y rA_, rﬁAp,
__rold]
smy +| g1, +(u, - p,)e ™ [sgn(B)cosy
Ac:rl -
|t
cosy —[,u,,n + (/um -u ,a esmpany ]sgn(&) s y
o]
sy —| f,, +(p‘ﬂ -u ,ﬂ sre A son(@)cos y
A, = o
cosy +| sy +{t, — ) ™ |sgn(B)siny (E.12)

The system of equation (E 12) describes the dynamic equations of motion
However, before motion can occur there are a set of conditions on the mput torques

that need to be satisfied Figure 94 shows a free-body diagram of the two unwinding
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conditions which enables the derivation of conditions given in (E.13) and (E.14). The

conditton that P, <0 and P, >0 in (E.13) or P, <0 and P, >01n (E 14) represent the

need to model the non-backdriveability of the system 1n this case

F% P % ﬁF“ Pp
4 [}

TETTT 7 7

(a) c-unwinding (b) B-unwinding

Figure 94 — Free-body diagram of static conditions: Case I

(smy — g1, cosy) {cosy - p, smy)
(cosy +p, smy){sny + u, cosy)

Pu <-F (Sln]’—ﬂmCOS}’

) £,
(cos y+u,smy

<0 P<0 (E.13)

~

).
)
P o_F (smy—y,,cosy}_

(smy-;t,ﬂ COS?) (cosy -, S'“?’)>0 >0 (EJ14)
a ¥ (c057+ﬂ,,a smy ) )

(cos y+u,siny (smy+p, cosy)
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E.2. Case Il

iAE R N R}

Fua Fua
Fo !T M x+{ x
. = Fep % ; My +(,y
a [
—> ® () —> Ol—:"> ol:>
v ar s v ararar rard ra rard rard r Cd T A i A A i A i i Cd rd

— —
X ¥

Figure 95 - Free-body diagram: Case 11

The equivalent form of equations (E.1), (E.2), and (E.3) can be written for this case as

Mx+Cx=P +F, siny—F,_cosy (E.15)
Myz+Cpz=F - F,+F,smy—F cosy-F cosy—-F_smy (E.16)
Myy+C,y=F, +F smy+F, cosy (E.17)

Substituting the relationships of equations (E.6) and (E 7) into (E.15) and (E 17)
yields

oo -P+Mx+Cx

\a _ |,|
any [p g }F\a senz)cosy

(E.18)
-P,+M,y+C,y
F,= L
smy +[p,,ﬂ —(pf,ﬂ —)ulﬂ)e ey ]sgn(z)cosy
(E.19)

Substituting equations (E.18) and (E 19) into equation (E.16) and transforming the

system for equivalent translation to rotation, as 1n equation (E 12), yields
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2 gr?
J o+ 0:" +J, -
A, tany Ay, tany
2 o’ T,r
Co+C,—F o T . Th Tl
A_r tany Ayr;tany rA., B

(E.20)

where A, is defined in equation (E 12) and

L

A=

al

&

R E.21
COS?"*[HM —u, ~p,, Jsgn(z)smy ( )

E.3. Case 111

——s
[T
1f Mo+C,y

Figure 96 — Free-body diagram: Case II1.

Similarly, for Case III the equattons of motion for each of the wedges can written

Mi+Cx=P +F, siny—F,_cosy (E.22)

Myz+Cz=F -F,+Fysmy-F, cosy+F  cosy—F_smy (E.23)
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M,y+C,y=P,—F siny—F,cosy (E.24)

Substituting (E 6) and (E 7) into (E 22) and (E 24) respectively leads to

-P+Mx+C x

F =

e et
smy —(ﬂu, (e, — e ™ JF\H sgn(z)cosy
(E.25)

P-M,y-C,y
4
smy +(/udﬂ —(/urfﬂ "':u‘,ak = JF'W sgn(z)cos;'

F,=

(E.26)

Hence, the overall equation of motion can be found to be

2 2
JO+J, 9:" +J, 6:"
A,,r, tany Ay, r,tany
&; o,
C.,0+C 2 £ =7, +

+C =
fa 2 /il 2 "
Ar tany Awrﬁ tan y rA,

+

T 7, Tty
at?+ g

A (E27)

4]

where A_,1s defined mn equation (E.21) and

#2 v

ﬂu,a - (Jud,a - #rﬂ )e_“mr

cosy —

b
sy + {y,,ﬁ - (}udﬁ - ,urﬂ)e suar Jsgn(z)cos ¥

}wgn(z) siny (E.28)
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E.4, CaseIV

Figure 97 — Free-body diagram: Case [V

Mx+Cx=P -F_smy-F_cosy
Mz+Cuz=F -F,+F _ cosy+F cosy+F, siny~F_smy
My+Cyy=F - F,smy—F,cosy
Following the same methods as in cases I, II, and III above leads to
P-Mx-Cx

F, =
o b
smy+ [audﬂ - (Judﬂ - nugﬁ}z o Jsgn (Z)CO57

P-M,y-C,y
iR

siny + [,u,,ﬂ - (;1#, - p_ﬂ)e A ]sgn(z)cosy

F,=
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Yielding the system equation of motion

o) or,
Jo+J, L +J, =<
A tany Ay rg tany
1 2
C_ +C &‘9 &.5' +EL+£

(]
St faA r!

al' a

s g

+ = ,
tany P Agritany O rA, rA,

(E.34)

where A and A, are defined as in equations (E.10) and (E.28) respectively.
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Appendix ' Common definitions in stability analysis

In order to detail the stability of the composite adaptive controller several standard
theorems and defimtions are required  These definitions are stated here for

completeness,

F.1. Barbalat’s lemma

If 7() 1s a uniformly continuous, real function and Im,__ f()=k<w, then

lim, ., f(t)=0 [Error' Bookmark not defined ].

F.2. Rayleigh-Ritz theorem

A 15 a symmetric nxn positive-definite matrix Let A, {A} and 4_{A} be the

maximum and minimum eigenvalues of A repsectively Then for any real x

A {A}"x"2 <x"AxgA__ {A}-Hx"z

where |x| = ZI:|x,|

F.3. Uniform Continuity

Let f() [0,0)>% be a umformly continuous function. A function s 1s uniformly

continuous 1f for any ¢ >0, there is a &(¢) such that

p-if<oe) = - )<s
Then f is said to belong to the Lebesque space L, 1f for pe|l,«),

JIAe) de <eo
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F.4. Properties of a stable transfer function

If %(5% = P(s) 1s a stable transfer function, then
uls

a) If u(t) 1s bounded, so 1s (1),
b) If im, _, u{z)=0, then Im, __j{)=0,

c) If ult)e L, then Iim__ p{r)=0.
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Appendix G Motor/gearbox model

Although motor mertia 1s included 1n the stmulation and experimental implementation
of the controllers, the electrical dynamics and planetary gearbox have not been
included This Appendix presents the derivation of the adjusted model for the motor

torque.

The model of the planectary gearbox may be shown as Figure 98

Planetary
WOIGE T MOlar gearbox
r==="

1

"

N
el
L% i
P:‘_-{ 9

i B |

Worm/wheel
combination

Figure 98 - Gearbox model

Therefore, the torque at the output of the gearbox, r,, may be written 1n terms of the
motor torque as given in equation (G-1)
Tw =TT, (G-1)

where »n, is the speed ratio of the planetary gearbox and 75, represents the efficiency

Stmilarly the speed of the output shaft may be written as equation (G-2)
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gmomr = nl n19 (G"Z)

where 6_,, 1s the speed of the motor shaft, ¢ is the speed of the joint, and », is the

speed ratio of the worm-wheel gearbox defined by equation .

F,
n = [

'y tany (G-3)

Therefore 1t is possible to write

o =J, B, +T, (G-4)

ma motor = mator

Substitution of equations (G-2), and (G-4) into (G-1), yields

Tp =TT

motor

-J,nnd (G-5)

mator” ] " 72

The electrical model of an armature controlled DC motor may be written as equation
(G-6) [108]
(G-6)

In equation (G-6), #,, &, R,, L,, and v, are the torque constant, back EMF (electro-

motive force) constant, armature resistance, armature mductance, and input voltage

In terms of the output shaft velocity, equation (G-6) may also be written as

k% —k.nnsé
moior i Ra + LaS (G_7)

Therefore, assuming that the armature inductance 1s neghgible, equation (G-5) can be

written as

2
z-m = nl;tk’ v( _ k,kb;lnl nz B—J,.,,,,c,nlznzg (G‘s)
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Appendix H Publications

This appendix includes the two papers that had been published prior to the submssion
of this thesis

H.1. Control of an Actively Constrained Robotic Joint for
Passive Deployment Applications

Reedman. A. V. C., and Bouazza-Marouf, K., Control of an Actively Constrained
Robotic Joint for Passive Deployment Applications, Proceedings of the Imstitution of
Mechanical Engineers, Part K Journal of Mulit-body Dynamucs, 215, 2001, ppl187-
197.
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Control of an actively constrained robotic joint for
passive deployment applications

A V C Reedman and K Bouazza-Marouf *

Wolfson School of Mechanical and Manufacturing Engineening, Loughborough University, Leicestershire, UK

Abstract: The design and control of an actively constrained revolute joint with backlash cancellation
for passively deployed devices 1s presented 1n this paper The dnve mechanism consists of two motor-
dnven worms coupled to a single worm wheel A mathematical model of the system 1s used 1n order to
develop a backlash cancellation strategy and computed-torque motton control algorithm Experimental
results show that the position of the joint can be successfully controlled to track a trajectory generated
from a user-input force command signal while cancelling backlash at the gear interface

Keywords: backlash cancellation, computed-torque control, robotics

NOTATION

Csr, Cep, Cp v1scous friction coefficient of the
a-worm system, the f-worm system and
the worm-wheel system respectively
equivalent viscous friction coefficient of
the a-worm system, the f-worm system
and the worm—wheel system
respectively

reaction force at the interface between
the a-worm and the worm wheel and
between the f-worm and the worm
wheel respectively

Coulomb friction force between the
e-worm and the worm wheel and
between the f-worm and the worm
wheel respectively

Fy applied user-input force

Fo Fg equivalent force generated by the torque
from the motors

mertia of the a-worm and the motor, of
the f-worm and the motor and of the
worm wheel, shaft and robot arm
respectively

equrvalent mass of J,, Jg and Jp
respectively

Ca, Cﬁ; Cﬁ'

Fra Fup

Fsu, Fsp

o I, T

Ma, Mﬁ, Mg

The MS was received on 13 June 2001 and was accepted after revision
Jor publication on 24 September 2001

*Corresponding author Wolfson School of Mechanical and Manu-
facturing  Engineening, Loughborough Umiversuy, Loughborough,
Lewcestershire LE1] 3TU, UK

K01601  © IMechE 2001

radius of contact of the o-worm with the
worm wheel, of the f-worm with the
worm wheel and of the a- and f-worms
respectively

X0z equivalent Iinear displacement of the
a-worm, f-worm and worm wheel
respectively

T T Tp

vi lead angle of the a- and f-worms
£ friction constant

) link position

B4 desired hink position

Haa Hag coefficient of dynarmic fnction of the o-
and f-worms

Hsers Hsp coefficient of static friction of the a- and
f-worms

Tinas Tmf torque generated by the dniving motors

Ty equivalent torque generated by the

applied user-input force

1 INTRODUCTION

Development of robotic devices that interact closely with
humans has been of particular interest to the surgical
industry for the last 20 years In an attempt to improve the
accuracy and repeatability of surgical procedures, robotic
tool-positioning and tool-guiding devices have been
introduced mnto the operating theatre

Most of the robotic devices that are currently used to
aid surgeons 1n performing operational tasks have been
based on modified industnal manipulators The best
known of these modified robots 15 ROBODOC [1, 2]
ROBODOC was designed for machiming a cavity in bone

Proc Instn Mech Engrs Vot 215 Pan K



188 A V C REEDMAN AND K BOUAZZA-MARQUF

to recerve a prosthetic component dunng cementless total
hip replacement. The surgeon oversees the operation but
has no control over the motion other than the ability to
stop and start the robot using a control pendant Although
these large industrial systems are highly accurate, they
have typically been designed to meet the requirements of
high-speed and lgh-torque applications The introduc-
tion of a large, powerful robot into an environment such
as the operating theatre casts doubt on the safety of the
patient, surgeon and other operating room staff [3] It s
for this reason that the makers of ROBODOC, and other
sumilar devices such as the master—slave robot Da Vinc
[4], have been required to mmplement many layers of
software and hardware safety systems 1n order to ensure
that unauthonzed motion cannot be made It seems that
more attention has been focused on limiting rather than
eliminating the ability to do harm

Custom-built robotic devices, such as ACROBOT
(active constraint ROBOT) [5] and PADyC (passive arm
with dynamic constraints) [6], have been a more attrac-
tive alternative to the larger and more expensive indus-
tnal systems ACROBOT 15 a four-degree-of-freedom
(4-DOF) manipulator designed to help the surgeon
perform total knee replacement surgery The surgeon
controls the motions of the manipulator by applying a
force to the control handle 1n order to dnive the joints of
the robot Al of the joints are backdniveable, and adc.
moter at each joint controls the resistrve force that the
surgeon feels using a force control strategy The work-
space of the robot 15 actively constrained to confine the
end-effector to remain within a preplanned safe working
region However, while the ACROBOT system requires
phystcal nput from the surgeon m order to move the
mampulator, the force-controlled servomotors i each
joint are still powerful enough to provide motion against
the user Thrs again raises many 1ssues regarding surgeon
and patient safety Another proposed robot assistant
device 1s PADyC, a robot incapable of motion of its own
Atevery joint there exists a pair of overrunning clutches,
each runnmg on a separate motor dnven hub By
controlling the speed of each motor, one clutch limuts
the maximum allowable speed 1n the clockwise direction
while the second clutch restricts speed m the anticlock-
wise direction It was demonstrated that PADyC could be
used to confine the motion of the surgeon within a
predefined work area and, to a limited extent, follow a
predefined path. With 20 N of force applied on the control
handle, the 2-DOF prototype of PADyC exhibited up to
20 mm of error at the tool tp with link lengths of 0 25 m
[7] The error was attnibuted to jomnt flexsbility and
backlash 1n the clutch mechanism Errors of this magm-
tude cannot be tolerated 1n most surgical applications

In this paper, a robot jomnt architecture designed to
cancel backlash 1s presented A conceptual overview of
the mechamism 18 given for a system that has been
designed to be inherently fail safe, non-backdriveable,
and suitable for use mn applications where direct control

Proc Instn Mech Engrs Vol 215 Part K

of the end-effector (surgical tool) by a human 1s required.
A mathematical model of the mechanism 1s then
presented and used to develop a computed-torque control
algonthm for regulating position. A bnef description of
the experimental set-up and control system architecture 13
also included Simulation and expenimental results of the
mechamism and control algonthm are given, followed by
concluding remarks

2 CONCEPTUAL OVERVIEW

In gear system design, a small amount of backlash 1s
required m order to allow for thermal expansion,
lubrication and lower frictional losses within a dnivetramn
[8] In many robouic applications, even minute amounts
of backlash can cause errors 1n position that are not
acceptable 1 demanding applications such as surgery
For example, 1f a single link of a robot arm exhibits
+0 0087 rad (or 0 5°) of backlash, there will be an error
of £3 5 mm at the end of 2 0 4 m link In order to reduce
the backlash to an acceptable level, gear tramn housings
must be manufactured to high engineering tolerances.
Thus 1s expensive 1 terms of both the machmery required
and the time taken for manufacture Another solution
would be to use antibacklash gears, readily available
from many gear manufacturers. However, these anti-
backlash gears are spring-loaded systems and still allow
relative motion between input and output shafts under
certain loading conditions The proposed system, pre-
sented 1 this paper, ts a robotic joint designed to cancel
backiash

The joint, shown schematically in Fig 1, consists of

Applied
user-imput

>

[_ T
Robot link _\
o-worm , . Brworm
A\ AR /

L ——

3
&

Tma T

Worm wheel
Fig. 1 Dual-worm dnve jornt

K01601 © IMechE 2001




CONTROL OF AN ACTIVELY CONSTRAINED ROBOTIC JOINT FOR PASSIVE DEPLOYMENT APPLICATIONS 189

two worms, each driven by a low-power d ¢ servomotor
The two worms follow a worm wheel that 1s fixed to the
robot ink The user provides a force on the end-effector
and motion 15 allowed by controlling the two worms
simultaneously The non-backdriveability of the worm
mechanism means that, no matter how much force the
operator applies, motion 1s not allowed untit both motors
are controlled to move 1n the same direction

The parallel nature of this overactuated joint structure
makes this active system safer than modified industnal
robots If there were a faillure, both motors would have to
dnive 1 the same direction for any motron to occur
However, 1if this failure occurs, acceleration of the jomts
will be very small owing to the inertia of the links and
low power of the motors, giving the operator plenty of
time to react, 1e to release the deadman handle The
dual-worm mechamism also has the ability to eliminate
backlash using a control strategy that 1s discussed below
The control of the jomt must be robust against the non-
binear effects of inertia and frictional forces at the worm/
wheel nterface

3 MATHEMATICAL MODEL

Analysis of the dual-worm mechansm identifies four

1IN 1IN
o A
- : — & > _ Ky
~ Ky J " *, & y

separate cases of contact between the two worms and the
worm wheel The first of these four cases (case I), shown
m Fig 2a, represents the worm wheel 1n contact with the
leading edges of the thread of both the a- and f-worms In
this condition the two worms cancel backlash Figure 2b
shows the second case {case II) where the worm wheel 1s
1 contact with the traithing edge of the thread of the
a-worm and the leading edge of the thread of the f-worm
Thas situation 1s lughly undesirable 1n terms of positional
accuracy, as backlash 1s not cancelled The third case
(case III), illustrated in Fig 2c, shows the tratling edges
of the thread of the two worms in contact with the worm
wheel Backlash 1s cancelled in this condition Finally, 1n
Fig. 2d (case IV), the leading edge of the thread of the
o-worm and the trailing edge of the thread of the f-worm
are shown m contact with the wheel Simular to case II,
backlash 1s not cancelled in this condition Therefore,
backlash 1s ehminated if either case I or case III 15
continuously mamntained In order to simplify the model,
a control strategy 1s chosen that will maintain the con-
dittons required for case I only

Unwinding the thread of the three gears allows the
mechanism to be modelled as a system of three wedges
sliding against each other A free-body diagram for case I
15 shown in Fig 3, where the upper wedge represents the
a-worm, the middle wedge represents the worm wheel
and the bottom wedge represents the f-worm Using Fig

Fu _

=

a-worm : &Case] *  B-worm o-worm Elasc ;[ *  B-worm
(@) ®
F, _ F, .
>
: i . § §= > |
h) — o o -— -.t-
d-worm éase I‘II T fworm -worm | Easc ]IV © Prwom
© (@

Fig. 2 Dual-worm joint medes of contact
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FNB
Lt
Fg
& MB’ CB
7
>

Fig. 3 Free-body diagram of the worm drive joint case 1

3, 1t 18 posstble to write the dynamic equations of each
wedge as equations (1) to (3) respectively The friction
forces, Fs, and Fgg, between the two worms and the
wheel are modelled using an exponentral stick-shp
friction model [9, 10] given 1n equations (4) and (5)
respectively In order to simplify the medel, 1t 1s assumed
that neither the ¢-worm nor the f-worm loses contact
with the worm wheel, 1€ Fn, # 0 and Frg#0

Mux+ Cux = Fy — Fgsiny — Fgycosy (1)
Mpz + Coz = Fy + Fngcosy — Fgy51ny — Frgcosy
+ Fspsiny (2)

Mﬁy-{-Cﬁy:F3+FNﬁSIB'}’—FsﬁCOS? (3)
FS:! = (#da + (ﬂsa - 'uda)e|x|/(5°°s?))Sgn(x)FNa (4)

Fsg = (Hap + (top = ap)e/ = )sgn()Fg ~ (5)

Substitution of (1), (3), (4) and (5} into (2) yields

Fy-Mx~Cyx Fg-—Mgy—-Cpy
+
Ay Ag

Mpz+ Coz=Fy +

(6)
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where

4 S (o + (g — )RV )sgn(x) cosy
® 7 008y — (pay + (Mox — P eV Es ) )sgn(x) sy’

4o 507 — (ap+ (g — tiag)ePV/ =M )sgn(y) cos y
P cosy 4 (ptap + (tep — Hop)ePVE=D)sgn(y) sy

Converting from the unwound threads to the rotational
system by replacing F,, Fg, F,, M,, Mg, My, C,, Cp, Cy, 2,
x and y 1n equation (6) With Ty /Fa, Tmp/7p, Tu/re, Ju/ 12,
Jﬁ/?’z, Ja/rz, Cfa/rz, Cfﬂ/l’%, Cfg/rg, frg, Org/tany and
Orpltan y respectively yields

_ Tmaf® . Tmg?o
Ji0+ Crl =1, + A + Agrs (7
where

Jorh Jgr
Jr=Jg+—52 all

dyritany ~ Agrjtany

Ciars Cigra

Cr = Crp + 22 £o

Ayritany - Agrjtany

For sumulation purposes, 1t 15 necessary to ensure that
there 1s no motion until the motor torque of either the
a-worm or the f-worm exceeds the static friction forces
Figure 4a shows how the friction forces act on the three
wedges durning motion of the wheel 1n the anticlockwise
direction, and Fig 4b shows the onentation of the forces
during motion of the wheel in the clockwise direction
From Fig 4 1t 15 possible to express the equilibrium
conditions in the anticlockwise direction [equation (8)]
and clockwise direction {equation (9}] In Fig 4, ps. s
and pgpFng are substituted for Fg, and Fgg respecuvely:

cosy+ 51N COsy— sin
Fu+Fa( y #5alv)+Fﬁ( y—Hsp v)=0

Sy — Hg, COS Y SINY-+pigp COS Y
(8)
— COS Y+ ligg SIN
FutF, (cosv Hsa sm?) +Fﬁ( 7+ Hsp r) —0
sin y+pg, COS Y SINY— pgg COS Y
)

Using equation (8) for the system of unwound threads,
motion of the wheel 1n the anticlockwise direction will
occur 1f the condittion given by equation (10) 1s sausfied
Equatton (11) gives this condition for the actual
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Fo

(a) a-unwinding

(b} Brunwinding

Fig. 4 Free-body diagram of static conditions

rotatronal system

F, < —F, (sm ¥ — flg, COS y) _Fp (sm ¥ — U, COS y)
COS Y+ fig, SINY Cosy+jpg, SIny

Cosy— S
y (_u_ﬁ__z) <o and
SN Y+ jtgy COS Y
(10)

T < T SINY— g, COSYY Tmg { SINY—g, COSY
Ty ry \cos y+ g, siny rg \Cosy-+pg,siny

F,g<0

(11)

COS P — lgp S1N
y (M) <0 and
$IM Y+ figg COS Y

Simularly, using equation (9) for the system of unwound
threads, clockwise rotation of the wheel will be allowed 1f
the condition given by equation (12) 1s satisfied Equation
(13) gives the same condition 1n terms of the actual
rotational system

sy — cos smy — €Os
Fp> —F, [S07 ~#spC0ST) . fommy — jispoosy
Cosy + pggsiny Cosy + pgpSIny

- S
5 (cosy Hss mv) 50 and

F
sy + g, COS Y >0

(12)
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Tmﬂ> Ty [ SINY—fggCOSY Y 1Ty, fSINY—[figgCOSY
rg rg \ COSy+Hggsiny Ty \COSy+pgpsiny

X (C—-—-———OS Vfise SIN )’) >0 and

>0
$1ny+ g, COS ¥ Fma

(13)

4 CONTROL DEVELOPMENT

The aim of the control algonthm 1s to make the manipu-
lator track a desired position command while cancelling
backlash at the worm interface In order to ensure
surgeon and patient safety, the joint and control method
must not exhibit

(a) any motion aganst the user,
(b) any motion without direct control from the user or
{c) any backlash at the worm/wheel 1nterface

To this end, effective control of the dual-worm mech-
anism requires two algorithms In the clockwise direction
{1e 7, > 0) the motor command voltage for the a-worm
1§ set to a constant value and the -motor torque, Tymg, 1s
controlled to unwind the f-worm to track the trajectory
In this condition the f-worm leads and the a-worm 13
used to follow the motion of the worm wheel without
applymng unnecessary frctional forces to the system.
Control of motion 1n this manner shall be termed
B-unwinding control However, in the anuclockwise
direction (1e. 7, <0} the B-worm motor command
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voltage is set to a constant value and T, 15 used to control
the unwinding of the z-worm to track the trajectory. This
1s termed g-unwinding control In this instance, the a-
worm leads and the f-worm follows This dual-control
strategy 1s shown to work well

For the purpose of this prehminary work, the desired
velocity 1s proportional to the user-input torque. That 1s

éd = Ku‘n'.'u (14)

where K, could be chosen as a function of position 1n
order to restrict motion For a manzpulator with more than
one DOF, this velocity-limiting algorithm would be used
to constrain the user to remain along/within a predefined
path/region within the robot workspace.

4.1 o-Unwinding control

The a-unwinding control law regulates the unwinding of
the a-worm to follow a trme-varying trajectory. The error
between the desired position and the actual position of the
system 1s defined as

e=0s4—06 (15)

From equations (7) and (15) 1t 15 possible to denve the
tracking error dynamics given by equation (16):

1 Tmal®  Tmplo
=0, +—(Ci—1q, — 28 _TmpE 16
e=0s+ Jr( el (16)

Using feedback hneanzation, tm, can be chosen to
cancel the dynamc effects of friction and the inertial
forces; T, 1s obtained as given m equation (17), where
Zla, A B f,‘r and J r are the estimates of A, Ag, Crand Jr
respectively

-

Ay [ = u .\
Tme = fala Jrig + 78y + Cr — 7, — Tm,firﬂ
rp rﬁAﬂ

(17)

In equation (17) the control u, 1s chosen to drive the error
to zero and T, 1s the measured f-motor torque
Convergence of the error to zero 15 aclieved using a
proportional + 1ntegral -+ denvative (PID) control law

u¢=Kwe+Kpae+Ka,.[e dr (18)

It 1s important to note that, if the components of equation
(17) are not known exactly, the system parameter
estimates are erroneous, and without the integral term
tn equatton (18) there may be a non-zero steady state
error
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4.2 pB-Unwinding control

A computed-torque controller for unwinding the f-worm
can be found in a simular fashion to that described 1n
Section 4 1. Equation (7) can be used to denve the
J-motor torque as given 1n equation (19)

~

Ag -+ - p Tm
Tmp = ."_ﬂr_gﬁ (JTUg +Jrlg + Cr@— 7, — ﬁ)

Tpdy

(19)

However, n this case the control ug 1s chosen to drive
the error to zero and t,,, 15 the measured a-motor torque
Convergence of the error 18 achieved using the PID
controller

ug = Kype + Kppe + Kap Je ds (20)

5 EXPERIMENTAL SET-UP

Figure 5 shows the dual-worm dnven joint mechamsm
The joint 1s controlled using a Pentium 233 MHz personal
computer runnmg the QNX 4 25 real-time operating
system A schematic diagram of the control system 13
shown in Fig 6

The control algonthm requires measurements of
motor torque, user-input force, and position The user-
input force 1s measured using four stramn gauges, 1 a
Wheatstone bridge configuration, mounted on a specially
designed section of the hink. The 327 W geared dc
motors are capable of producing 0 4 Nm of torque at the
output of the gearbox. Closed-loop regulation of the
motor output torgue 1s accomplished by measuring the
armature current and implementing a digital propor-
tional + mtegral (PI) controller All analogue signals are
measured and generated using 12 bit analogue-to-digatal
converters and 12 bit digital-to-analogue converters The
link rotation 18 recorded using an encoder and appropnate
electronics to generate 20000 counts per revolution,
giving a resolution of 00003142 rad/count (or 0 018°%/
count) The encoder position 1s read as a 24 bit number
from an HCTL-1100 motion control nterface The
frequency of the control loop 1s set at 600 Hz, and link
rotational velocity measurement 18 obtamned 1n software
by using a backward difference algonthm

6 RESULTS AND DISCUSSION

For the model, given by equation (7), and the controllers
of equations (17) and (19), the estimated values of the
system parameters are given 1n Table 1 The values of
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Fig. 5 Worm driven joint
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Fig. 6 Schematic overview of the control system

inertia were calculated from the joint geometry. The the friction coefficients were determined experimentally.
worm and worm wheel dimensions were assumed to be [t should be noted that there will be variations in the
the pitch centre diameter of the respective gears, while coefficients of friction owing to temperature and wear.

Table 1 System parameters

Worm wheel o-Worm f-Worm
Inertia (kg m*) Jq = 0.062833 J. =0.002855 Jg=0.002855
Viscous damping (N m s/rad) Cpp = 0.005 Crx = 0.001 Crg = 0.001
Gear geometry (m) ro = 0.025 r, = 0.0065 ry = 0.0065
Static friction hea=10012 pep=0.16
Dynamic friction Uax = 0.10 Hap=0.14
Friction constant &£=0.001 &£ =10.001
Worm lead angle (rad) 1 =0.05236 y =0.05236
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Fig. 7 Dual-worm joint simulation results

These variations may affect the implementation of thus
system 1n a mult-DOF robot Therefore, the robot control
system should be calibrated to update the estimates of the
friction coefficients pertodically, or whenever tracking
performance 15 degraded This could be done auto-
matically

6.1 Simulation results

In order to test the performance of the control strategy
and algonthms, a simulation of the model, given by
equation (7), was developed using SIMULINK. Para-
meters were set according to Table 1, and it was assumed
that the control algonthms had exact knowledge of these
parameters Figure 7 shows the results obtained from the
stmulation The user mput that was apphed to the system
1s given by equation (21) and 15 shown in Fig 7b Figure
7a shows the desired position generated from the speed
demand, where 04 15 given by equation (14) with K, =
001 Sufficient tracking performance was achueved using
the gains given 1 Table 2 The graph of position error
given1n Fag 7c highhights thuis Fagures 7d and e show the
applied a-motor and S-motor torque used to track the
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desired trajectory.

7, = 2 5 % sgn[si(0 5¢)}{tanh[3cos(¢)] — 1} (21)

6.2 Experimental results

The expenimental results for a joint with a single worm
are compared with those of the dual-worm mechanism to
illustrate backlash cancellation In both experiments the
trajectory 15 generated by manually applymg a force to a
control handle attached to the robot link The velocity
demand 1s generated on the basis of equation (14), where
K,=001 The desired velocity 1s then digitally inte-
grated and differentiated to give the destred positron and
destred acceleration respectively. Fagure 8 presents the

Table 2 Simulation gamns

Control direction Proportional Integral Denvative
a-Unwinding Koy = 5000 Kan = 1000 Kun =100
B-Unwinding Kpp = 5000 Ka.p=1000 Kag =100
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Fig. 8 Single-worm joint expenmental results

results for the single-worm mechamsm Figure 8a shows
the position demand generated from the user-input force
of Fig. 8b Figure 8c displays the time history of the error
dunng the movement, and Fig 8d 1llustrates the motor
torque used to drive the a-worm It can be seen from Fag
¢ that the change 1n direction of the user-input force
causes large errors mn the order of 40 01 rad {or £0 57°).
These errors are attributed to the backlash between the
worm and worm wheel present 1n the smgle-worm
system Figure 9 presents the expenmental results of a
stmilar motion to that of the simutation (see Fig 7) with
the dual-worm mechamism Figure 9a shows the desired
and actual positions of the joint The torque generated by
the user-input force 1s shown in Fig 9b, and the position
error 18 Mlustrated 1n Fig 9¢ It should be noted that the
graphs of actual and desired positions 1n Fig 9a are
indistinguishable becanse the error (shown i Fig 9¢) 1s
very small Figures 9d and e also show the motor output
torque for the «- and fi-motors respectively. It 1s possible
to see from Fig 9c that the backlash in the mechamsm
has been cancelled and the overall error has been reduced
to less than 0 0015 rad (or +0 0867)

Tests have also been carrnied out to determune how the
tool-tip position 1s affected by an external input from the
user when the jont 1s stationary It has been possible to
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measure two different sources of error flexability of the
link and shaft and also end-float of the worm owing to
Iimuted preloading of the worm angular contact bearings
Table 3 shows the deflection of the tool tip owing to the
two kinds of error for user-input forces of 10 and 20 N
applied at the tool tip. This error was measured at the
extremuty of the hink, a distance 0 4 m from the centre of
rotation Although this single DOF robot does exhibit
some flexibility, O 4 mm of error per 10 N of user-input
force 1s not considered excessive when compared with
simular devices However, increasing the stiffness of the
system could further reduce the hnk and shaft flexibility

7 CONCLUSIONS

In this paper a revolute joint that provides inherent safety
features and cancels backlash has been presented The
non-backdnveable dual-worin mechamsm 1s much safer
than backdriveable systems m that no motor torque 1s
required to keep the manipulator stationary for most
forms of user-input force However, high-frequency user
input (1e. shaking of the end-effector) can cause the
worms to unwind, allowing the mechanism to exhibit
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Fig. 9 Dual-worm joint expennmental results

backlash For this reason, when the joint 1s stationary,
each motor applies a small amount of torque to keep the
system backlash free

Suitable control laws for regulating position have been
denived on the basis of a mathematical model of the
system. These computed-torque control algorithms have
been shown to give good results while tracking a
trajectory generated from the measured user-input torque
The control algonthm has been effective in cancelling
backlash and compensating for the non-hnear effects of
fniction generated at the interface of the two worms and
worm wheel The mechanical system can also be
produced using basic manufactuning technologies and at
a low cost when compared with industmal robotic
systems

Table 3 Static error measurements

Deflection from zero {mm)

Apphed Due to end-float 1n Due to hink/shaft
force (N)  Total WOrtns flexability

10 036 016 020

20 074 032 042
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Composite adaptive control of a robotic joint for
passive deployment applications

A V C Reedman and K Bouazza-Marouf*
Wolfson School of Mechanical and Manufacturing Engineering, Loughborough University, Leicestershire, UK

Abstract: A composite adaptive control scheme for the control of an actively constrained revolute
jomnt with backlash cancellation 15 presented 1n this paper. The drnive mechanism consists of two
motor-drrven worms coupled to a single worm wheel The mathematical model and control strategies
are reviewed This 1s followed by the derivation of the composite adaptive controllers Simulation
and expertmental results show that the composite adaptive control scheme gives an equivalent per-
formance to a computed-torque algorithm without compromusing the mechamsm’s ability to cancel

backlash
W
Keywords: backlash cancellation, control, robotics
NOTATION P,.P adaptive update law gain matnx for a
w bp p P g
and § unwinding
Cia viscous friction coefficient of the a worm r filtered tracking error
system ro radius of contact of the a worm with the
Cp viscous friction coefficient of the f worm worm-wheel
system rs radius of contact of the B worm with the
Cr viscous friction coefficient of the worm-wheel
worm-wheel system jossi=isclenp-orior— re radws of contact of the worm-wheel with
Cra» C1g total system wviscous friction with respect a and f worms
to the a and B motor torque W, W, regression matrix for @ and p unwinding
C, equivalent viscous frichon coeflicient of control of the rotational system
the o worm system Wi, Wi filtered regression matrix
Cs equivalent viscous friction coefficient of x equivalent liear displacement of the
the p worm system o worm
Co equivalent viscous friction coefficient of ¥y equivalent lmear displacement of the
the worm-whee! system B worm
e Jjownt tracking error Y. Yg regresston matrix for a and f unwinding
Jras Jra total system mertia with respect to the a control of the filtered tracking error
and f motor torque system
o mertia of the a worm and motor z equivalent lmear displacement of the
Jg mertra of the § worm and motor worm-wheel
Ja mertia of the worm-wheel, shaft and
robot arm ¥ lead angle of the a and § worms
K., Kz  controller gamns for o and § unwinding € fnction constant
M, equivalent mass of J, 6 link position
Mﬁ Equ1va1ent mass Of JB Gd dESlred Ilnk pOSltlon
M, equivalent mass of J, Hdas Hag coefficient of dynamic friction of a and
B worms
Hsas Usp coefficient of static fniction of o and
The MS was recerved on 14 September 2001 and was accepred after B worms
rewsion for publication on 26 February 2002 Tras Trp filtered a and B motor torque
* Corresponding  author  Wolfson Schoel of Mechanical and dbyd d
Manufacturmg Engineertng  Loughborough Unwerstty, Loughborough, Tmar Tmp torque generated by criving a an
Lecestershure LEI} 3TU, UK B motors
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T, equivalent torque generated by applied
user-input force

D, Dy vector of system parameters
o Do vector of system parameter estimates

1 INTRODUCTION

Demand for robotic devices that interact closely with
humans 15 mncreasing For surgical intervention, robotic
devices have been introduced into the operating theatre
to help the surgeon perform surgicat procedures with a
higher degree of accuracy and reliabiity However, many
of the robotic devices currently 1n use are based on modi-
fied industrial mampulators and have typically been
designed for high-speed, high-torque applications The
introduction of a large, powerful robot mte an environ-
ment such as the operating theatre casts doubt on the
safety of the patient, surgeon and other operating room
staff [1]

To this end, research in the field of robot-assisted
surgery has mcreasingly been directed at making the
surgeon physically interact with custom-bwlt robotic
devices By grasping a control handle the user 1s required
to apply a force to the manipulator i order to make 1t
move These devices have been classified as either passive
or active A passive device 15 one that cannot provide a
force/torque to the hinks of the robot that would cause
motion The classic example of a passive device 1s
PADyC [2] At every joint PADyC has 2 pair of over-
runnmg clutches, each runmng on a separate motor-
driven hub By controlling the speed of each motor one
clutch hrmts the maximum allowable speed 1n the clock-
wise direction while the second clutch restricts speed 1n
the anticlockwise direction It was demonstrated that
PADyC could be used to confine the motion of the sur-
geon within a predefined work area and, to a hmited
extent, follow a predefined path. With 20 N of force
applied on the contro! handle, the two-degree-of-
freedom (DOF) prototype of PADyC exlubited up to
20 mm of error at the tool tip with link lengths of 0 25 m
The error was attributed to joint flexibility and backlash
in the clutch mechamism Errors of this magmitude
cannot be tolerated in most surgical applications

Another passive device, the 3-DOF COBOT (collabor-
ative robot) developed at Northwestern University
(Iilnois), uses a continuously variable transmission
(CVT) for each joint [3] Each CVT conststs of a sphere,
a pam of separate drive rollers coupled to output shafts
and two steering wheels that control the relative veloc-
ities of the dnve shafts By coupling these CVTs to a
common drive unit the robot 1s kinematically con-
strained to follow the desired path, 1e forcing motion
of one jomt causes motion of the end-effector along the
path However, as the CVT rehes on a hmited amount
of friction between the drive rollers and the sphere to
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maintain position, the user can overpower the CVT,
foremg 1t to deviate from the path

Active devices, on the other hand, use motors directly
coupled to the jonts to provide a motive force
ACROBG@T, developed at Impenal College (London), 15
a 4-DOF manipulator designed to help the surgeon per-
form total knee replacement surgery [4] The surgeon
controls the motion of the manmipulator by applying a
force to the control handle that 15 attached to the end-
effector The motorized joints are controlled to allow
motion 1n the direction required by the surgeon All of
the joints are backdriveable and a d ¢ motor at each
joint controls the resistive force that the surgeon feels
using a force control strategy The workspace of the
robot 1s actively constrained to confine the end-effector
within a pre-planned safe working region However,
while the ACROB@T system requires physical mput
from the surgeon in order to move the mampulator, the
force-controlled servomotors 1 each joint are stll
powerful enough to provide motion agamnst the user
This again raises many 1ssues regarding surgeon and
patient safety Although passive devices potentially have
significant advantages over active mechanisms 1n terms
of safety, thus far the positional accuracy of such devices
while tracking a predefined path/trajectory has been
absent

In a previous paper, an actively constramed, revolute
robotic Joint was presented for use 1n applications where
direct interaction with humans 1s required [5] The non-
backdriveable dual-worm mechamsm was shown to be
capable of cancelling the effects of backlash A math-
ematical model of the mechanism was presented and was
used to develop a computed-torque control algonthm
for tracking a desired path The algorithm guarantees
exact trackmg when the robot parameters are known
exactly However, non-linear robot parameters (includ-
mg frictional and 1nertial terms) are notoriously difficult
to estimate In this paper, a composite adaptive control
scheme is presented that 1s used to estimate system par-
ameters such as mertia, damping coefficients and friction
coefficients A review of the concept of the dual-worm
robot jomnt mechanism 1s given, followed by a statement
of the mathematical model of the gear system The strat-
egy for control of the mechamsm 1s presented along with
a discussion on the selection of an appropriate adaptive
control scheme Simulation and expenimental results are
presented showing a companson between the perform-
ance of the computed torque and composite adaptive
controllers

2 CONCEPTUAL OVERVIEW

In gear system design, a small amount of backlash 1s
required m order to allow for thermal expansion, lubrn-
cation and lower frictional losses within a drive tram
[6] In many robotic applications, even minute amounts

106701 © IMechE 2002
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Fig.1 Dual-worm drive joint

of backlash can cause errors in position that are not
acceptable For example, if a single hnk of a robot arm
exhubits + 00087 rad (or £0 5°) of blacklash there will
be an error of +3 5mm at the end of a 0 4 m Iink

The proposed system 15 a robotic jont designed to
cancel backlash The jomt, shown schematically in
Fig 1, consists of two worms each driven by a low-power
d¢ servomotor The two worms follow a worm-wheel
that 15 fixed to the robot link The user provides a
force on the end-effector and motion 1s allowed by con-
troling the two worms sumultaneously The non-
backdnveability of the worm mechanism means that no
matter how much force the operator apphes, motion is
not allowed until both motors are controlled to move 1n
the same direction

The parallel nature of this overactuated joint structure
makes this active system safer than modified industnal
robots If there was a failure, both motors would have
to dnive 1n the same direction for any motion to occur
However, 1If this failure occurs, acceleration of the joints
would be very small, due to the mertia of the links and
low power of the motors, giving the operator plenty of
time to react, 1e to release the dead-man’s handle The
dual-worm mechanism also has the ability to eliminate
backlash using a control strategy which 1s discussed
below. The propesed control of the joint is robust
against the non-linear effects of inertia and frictional
forces at the worm/wheel mnterface

3 MATHEMATICAL MODEL

The mathematical model of the dual-worm dnven
mechanism 1s given by,{z]

lateveloted in Leadman end
@cmaj,gav Ma,'wu{E;L
m100006701 21-03-02 13 29 02 Rev 14 05
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710+ Cyf =1, + 20, Tmalo I
v T e Auru Aﬁrﬂ ( )
where
Jor2 Jars
Jr=1J
T ( °+Aur§tany +Aﬂr§ tan y
Crore Cpri
Cr= (Cm + Aritany + Agritany

4 Sny+[uas+ (g —peg) ™" ] sgn(8) cos y
“™ cos Y —ltap+ (ptsp— piap) €~ lelte sin M]sgn() st y

SIN Y ~— [Hap + (e —tan) €' V] sgn(Q) cos y

® cosy +[Hap + (g — prap) €] 5gn(6) s10 ¥

The friction forces between the two worms and the wheel
are modelled using an exponential stick-shp friction
model [7]

4 CONTROL STRATEGY

The aim of the control algorithm 1s to make the mantpu-

lator track a desired position command while cancelling

backlash at the worm interface In order to ensure sur-

geon and patient safety and-jomt and control method
? tha

must not exhibit

(a) any motion against the user,
{b) any motion without direct control from the user or
{c) any backlash at the worm/wheel mnterface

To this end, effective control of the dual-worm mechan-
ism requires two algonthms In the clockwise direction
(te when the equivalent torque generated by the user-
input force, 1, > 0) the motor command voltage for the
o worm 1§ set 1o a constant value and the B motor torque,
Tmp, 15 controlled to unwind the B worm to track the
trajectory In this condition the § worm leads and the
a worm 18 used to follow the motion of the worm-wheel
without applying unnecessary frictional forces to the
system Control of motion in this manner will be termed
B unwinding control However, in the anticlockwise
direction (1e 1, < 0) the § worm motor command volt-
age 15 set to a constant value and 7., 15 used to control
the unwimding of the a worm to track the trajectory
This 15 termed @ unwindmg control In this instance, the
o worm leads and the § worm follows This dual-control
strategy with the proposed control algonithm 1s shown
to work well

The velocity command 1s generated from the user-
mput force m the followmg way

Proc Instn Mech Engrs Vol 216 Part I J Systems and Contro} Engineenng
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0

ZITu — 1'l.l.mmt:!

2
3]'(1,'-‘17“ mml

64 = Gd max SEN (74} ["

(Tu max — Tu,min )3
éd max 580 (ru)

where 04 maxs Tymm and 7, ., are positive constants
chosen to give a smooth motion from the mechamsm
The velocity-limiting algonthm of equation (2), shown
graphically i Fig 2, 1s different from that used m
Reedman and Bouazza-Marouf [5] This strategy has
been employed to ensure sufficient smoothness of the
desired position, velocity and acceleration command
signals

Craig et al [8] presented an adaptive control scheme
for the control of robotic systems that ensures conver-
gence of the parameter error to zero under certain con-
ditions on the destred trajectory, known as persistency
of excitation The control method that has been pro-
posed here involves switching between two controllers
one controller for controlling motion 1 the positive
direction and another for the negative direction
Subsequently, 1t 1s not possible to generate a persistently
exciting trajectory for each controller The control
method of Craig er al also requires inversion of the
manipulator inertia matrix and measurement of acceler-
ation Although the parameter resetting technique used
i reference [8] ensures the existence of the inverse of
the mertia matnix, the poor acceleration measurement
(der1ved by twice differentiating the posttion with respect
to time) 1s also undesirable -

Due to the requirement of acceleration measurement
and the mability to generate a persistently exciting trajec-
tory of the proposed control strategy, a control method
that rehes on a less restrictive condition than persistency
of excitation, known as the infinite mtegral condition, 18
used. Slotine and L1 [9] proposed a composite adaptive
controller that extracts information from both the track-
ing error and a prediction error n the filtered joint
torque This method consists of filtening the joint torque,
making an estimate of this filtered quantity, designmg a
controller to track the destred trajectory and finally sel-

Destred jomnt
velocity A
Bdnu

-.rl‘m -rum

. g .

: T 1 0 Ll

: LI T e User-l.nput

i torque

:

+ -1-8

Fig.2 User defined veloaty demand
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(Iu.max — Ty mu\)2

v irul < ru,mm

] Vrumm‘slrulsru max (2)

Virul >rumax

ecting a parameter update rule that ensures convergence
of both the tracking and parameter errors to zero This
torque filtering method also removes the need for accel-
eration measurements and inversion of the manipulator
inertia matnx

5 COMPOSITE ADAPTIVE CONTROLLER

In the development of the composite adaptive controller,
the error between the desired position and the actual
position of the hnk 1s defined by

e=0,—0 (3)

and the quantity r, known as the filtered tracking error,
1s defined by

r=e+le (4)

Both a unwinding and f§ unwinding control strategies
are developed below, followed by a stability analysis of
the controllers.

5.1 c unwinding control

The equation of motion for the system of gears, given
1n equation (1), can be used to solve for the a motor
torque, T, by multiplying both sides by A, r./rs, 1€

- A.r Ar,
- _ a’a _ a’'a 5
Tha JTa0+CTu9 Ty re mﬁAﬁTﬁ ( )
where
Agra Agr,
Jra=J7 s C'ru'_"c'r
rg Ts

The assumption 1s made that the transition between
static and dynamc friction 1s very fast (because of the
1/s1n y term 1n both A, and A4,), hence, once motion has
started 4, and 4, are constant Under this assumption,
it 15 possible to wnite 7,,, as a linear combnation of
constant unknewn parameters, @,, and known func-
tions, W, Therefore, equation (5) can be wrntten as

Tma = Wa P, (6)
where
W.=[0 0 1, 7.4]
@, = [JTu Cra — da’e - é{fg:, T
re Agrg

106701 © IMechE 2062
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Equation {6) can also be written as
Tme=Ha+ 8o (7

where
0
ku = EE (‘]Tu 9)

and

Auru Agre
-1
Ty mp Aﬁrﬂ

o™ _JT::G'*' CTQB—T\I

Equation (5) has now been separated in a way that
allows the acceleration term, &, to be filtered out By
filtering both sides of equation (7) 1t 15 possible to write
the filtered torque equatton given by

Tta =f*rmu=f*hu +f*gu (8)

where f 15 the inpulse response of the lmear stable,
strictly proper filter, and * 1s used to denote the convol-
ution operation By the property of convolution, 1t 15
also possible to write

frha= f St = Dha(o) do ©)
0

and mntegrating by parts yields
S*ha= —f*hy+ J(0) hy — f ho{0) (10)

Substitution of equation (10) mto equation (8) and
noting that Jr, 15 constant and the filter and velocity are
mitiahzed to f{0)=c and §(0)=0 respectively yields

Tta = —'f*(JTuB) + CJTag

A7 A,r
* C é_ru (!ﬂ._ - a’a
+/ ( Ta —i”e T ﬁAﬁrﬂ)

= Wi, D, (11)
where
W =[—f*0+c0 f*0 f*t, [*To)

Wi, 1s referred to as the filtered regresston matrix and
¢, 15 the same as 1n equation (6). Assuming that 7.,
T.ps Ty and @ are measurable, ie that the filtered
regression matrix is known, 1t 1s possible to define the
estimate of the filtered a motor torque, ;,, based on the
estimate of the unknown parameters, @,, such that

ffu=wt‘aéu (12)

The error 1n the estimate of the filtered torque is defined
as

ffu=rfu_'ffn (13)

In order to design a controller for the system, consider
the Lyapunov-like function given by

Ve=3Jrar? +30IP]1 B, (14)
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and its time denvatwe
V,=Jrarr + BIP; 1D, +3BIPI 1D, (15)

where r = ¢ + Ae 15 the filtered tracking error, e=0,—8
1s the tracking error, D, = @, — 65“ 15 the error 1n the
parameter estimates and P, 15 the time-varymg sym-
metric matrix Making the following observation

Jror = Fro{0g + A6} — S0 (16)
and replacing for J, 8 from equation (5) yields
AQ o A(! o
JTur=JTu(9d+’1é)+CTug_Trnu_tu 4 —Tmp s
rs Aﬁrs
(17)

which can be written as

Jrer = Yo Py — T (18)
where Y, =[(f4+ Aé) € 1, 7,5] and selecting the con-
trol input, 7.,,, as

Toa=Yoa B, + Kur (19)
equation (15) may be written as

V= — K, i+ TP b, + YI +18TP; 1,

(20)

The least-squares adaptive update law proposed by L

and Slotine [10], given by the following equations, 15
used here-

éa':@u_éu: —PaYgr—Pﬂw;gffu (21)
P;l = W;-wau (22)

Using equation (21) and replacing for f;, from equations
(12) and (13) and noting that @, 1s a vector of constant
parameters yields

B, =P, YIr + PoWE(rr0 — Weahe) (23)
Using the matrnx identity given by

dA™? L84

=—At—A" 24
dr A dt A (24)

equation (22) may be wntten more conveniently as

Py = —P. WL WP, (25}
Therefore, 1t follows that

hm Ay {Pa} =0 (26}

(—+m
and

lim /lmm{Pc-;-l} =00 (27)

1—oo

where A, {A} and 4., {A) represent the mmimum and
maximum eigenvalues of the matrix A Equation (27} s
referred to as the infinite integral condition. Substitution
of the parameter update law and least-squares estunator,
given by equations (22) and (23) respectively, mto
equation {20} leads to

Vo= =K, —3OTWLW,, &, (28)
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5.2 P unwinding control

Similarly, for B unwinding control, equation (1) can be
used to solve for the § motor torque by multiplying both
sides by dgrg/rg, as given by

5 y_ . Qs g7
Tmﬂ=']'[‘ﬁ9+ CTﬂgHrur_—ImuA ”
®

a’a

(29)
where
Wﬁ=[9 9 tu Tmﬂ]
Agr, Airg I
D= | J C el PR
4 l: s K Ty Auru

Following the method outlined above, the control input,
Tmg, €an be selected as

Top = Yp B + Ko7 (30)
The least-squares adaptive update law is given by

By = — By = —PYir— PyWhip

By = Py Yir + PyWE (1 — Wi By)

(31)
Py = — Py W W Py
(32)
and the time derivative of the Lyapunov function is given
“by
Vo= —Kygr’ — 30 WEW,, &, - (33)

5.3 Stability analysis

The Lyapunov functions for a and f unwinding may be
written as

Vi ST, (34)

where the subscript i should be replaced by a for a
unwinding or P for  unwinding. Similarly, the time
derivative of the Lyapunov function, given by equation
(34), can also be expressed as

Vi= “Kw"z_%é’a‘T“ﬁWﬁ@isO (35)

By showing that the second derivative of the
Lyapunov function is bounded, so proving that V; is
uniformly continuous, Barbalat's lemma can be invoked
to show that the tracking error, r, and parameter error,
@,, both converge to zero. Barbalat’s lemma states that
if x(r) is a uniformly continuous, real function and
lim,. ., x(t) =k < co, then lim,. %(z) =0 [11]. Firstly,
V. is obtained by differentiating equation (35) to give

Vi= — 2K, — OTWIW, B, — DTWIW, B,  (36)

Therefore, in order to prove that ¥ is bounded and ¥,
is uniformly continuous, it is necessary and sufficient to
prove that r, 7, &, @,, W, and W;; are bounded. ¥, is at
least negative semi-definite, implying that ¥; < ¥;(0) and
r and @, are bounded. Subsequently, from the definition
of r in equation (4), e¢ and é are also bounded.
Considering Y; as defined in equation (18), ie. Y;=
[64+ 4é 6 1, T,;], where i’ should be replaced by B for
a unwinding and o for f unwinding, and assuming that
the inputs, 1,, T, 04, 84 and 8y, are bounded, then 6,
6 and Y; must also be bounded. Substitution of the
control law (19) or (30) into equation (18) leads to

Jrif =Y. B, — Kr (37)

Noting that J;; >0, then 7 and @ are also bounded.
Subsequently, from equation (5) or (29) and from the
assumption that & is bounded, 7,;, W, and &, are
bounded. From the definition of the filter, f, it can be
seen that 7, W and W, are also bounded. Finally, to
prove that ¥; is bounded the parameter update law of
equation (23) or (31) may be written as

dii = —PY[r—P,Wiiy a8

Fig. 3 Worm driven joint
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Fig. 4 Schematic overview of the control system

x1g” 2} Position error with user-input |
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Fig 5 Companson of tracking errors duning the ssmulation of the three user-input torque commands

From equations (22) or (23), P, 1s bounded by P,{0)
since P, 15 negative semi-defimte From equations (12)
and (13) and the fact that the filter, f, has a stable trans-
fer function, 1t can be seen that &, js bounded
Application of Barbalat’s lemma yields

Itm V=0 (39)

-0
and
lim r=0 (40)

{—~ oo
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Since the relationship between r and e, given 1n equa-
tion (4), may also be wntten in terms of the stnctly
proper, asymptotically stable transfer function, H{s),
such that

e(s) = H(s)r(s) (41)
1t can be concluded that

hmr=0 = lhme=0 (42)

= oo I k-]

It 15 also possible to define the type of stability for the
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Fig 6 Simulation parameter estimates with user-input 1

parameter error Since ¥, 1s bounded by ¥,(0), if the
infinite mtegral condition given in equation (27} holds,
1t must be concluded that the parameter error tends to
zero,ie hm,. @ =0 The mfinite integral condition 1s
less restrictive than the persistency of excrtation con-
dition discussed above, owing to the fact that as long as
there is mnput to the system and that the system 1s capable
of motion 1t 1s easy to prove that equation (27) holds
true A persistently exciting trajectory/input, on the other
hand, 1s not always easy to dentve or generate in most
robotic applications

6 EXPERIMENTAL SET-UP

Figure 3 shows the dual-worm driven jomnt mechanism
The jomt 1s controlled using a Pentum 233 MHz
personal computer runmng the QNX 425 real-time
operating system [12] A schematic diagram of the
control system 1s shown m Fig 4

The control algonthm requires measurements of
motor torque, user-input force and positton The user-
mput force 15 measured using four stramn gauges, 1n a
Wheatstone bndge configuration, mounted on a
specially designed section of the link Closed-loop regu-
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lation of the motor output torque 1s accomphshed by
measuring the armature current and implementing a
digital PI (proportional + integral) controller  All
analogue signals are measured and generated using
12-bit analogue-to-digtal converters and 12-bit digatal-
to-analogue converters The hnk rotation 1s recorded
using an enceder and appropriate electronics to generate
20000 counts per revolution, giving a resolution of
0 0003142 rad/count {or 0 018°/count) The encoder
posttion 1s read as a 24-bit number from an HCTL-1100
motion control interface The frequency of the control
Ioop 15 set at 600Hz and link rotational velocity
measurement 18 obtammed in software by using a
backward difference algorithm

7 RESULTS AND DISCUSSION

7.1 Simulation results

The mathematical model of the dual worm-drniven jomnt
was stmulated using SIMULINK. The parameters of the
model were set according to Table I and the control par-
ameters set as follows tracking error filter gamn 4 =50
and controller gans K., = K5 =20 The dynamic effects

106701 © IMechE 2002
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Fig.7 Smulation parameter estimates with user-input 2

of the o and B motors are cancelled using a ligh-gain
PI torque control feedback loop, assuming that motor
output 1s measured without error During the simulation
the f§ motor 1s set to follow the worm with constant
torque under o unwinding control. Simularly, during B
unwinding the a motor 1s also set to follow the worm-
wheel constant torque The matnces P, and Pg were
chosen to give well-damped parameter esttmates, and the
parameter estimates themselves, &, and QQ»'B, were
imtialized with arbitrary values according to

100 0 0 0
P.0)=Py)=| 0 1000
0 0 1 0
0 0 0 10
04 01
o.0=["1],  @o=|2’
01 01
05 01

(43)

Torque filtening was performed using the hinear filter
given by the first-order transfer function of equation

106703 © IMechE 2062
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{44) The same filter was used n both the a-unwinding
and f-unwinding controllers

1
Ss)= T (44)

Three user-input torque commands, Ty, T,; and 7,
given by the following equations respectively, were
applied to the model

T,y = 3 tanhfcos(4¢) — 0 761 52] sgn[sm(2/2)] (45)
7., = 8 tanh([cos(41) — 0 761 52] sgn[sin{#/2)] (46)
Ty = 8[cos(4r) + 1 5)sin(1/2) (47)

The desired velocity for the system 15 calculated using
equation (2) with 0, ., = 0 1 rad/’s, 7, ey = 10 Nm and
Tymm=1Nm With the system parameters given by
Table 1, the actual parameter vectors @, and @5 can be
calculated for 8] #0, as given by
0162
0223
D, =Py = 48
"7 o017 “8)
0387

Figure 5 shows the position error recorded during the

Proc nstn Mech Engrs Vol 216 Part I 1 Systems and Control Engineering
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Table1 Simulation model parameters

Worm-wheel a and § worm
Inerua Jo=025kgm? Jo=Jy=0003698 kgm?
Viscous damping  Cg=0005 Nm sfrad  Cp, = Cip = 0 005 Nm s/rad
Gear geomnetry rg=0025m ra=rp=00065m
Static fnction Hua=pfa=014
Dynamic faction Hag=pap =012
Friction constant e=000]

Worm lead angle y=005236rad

simulations for each user-mput The vanous rates at
which the magmitude of the tracking error converges to
zero can be clearly seen Figures 6, 7 and 8 show the
parameter estimates of the simulated system with the
wser-inputs defined by equations (45), (46) and (47)
respectively The expected values of the parameters are
shown by dotted lines Figure 6 illustrates that for the
first user-input command [given by equation (45)] the
estimated parameters do not converge on the expected
values grven by equation (48) However, with the two
user-1nput commands given by equations (46) and (47),

a) Inertia Estimates
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the parameter error converges to zero The mput given
by equation {46) yields slower convergence of the par-
ameter estimates to the true values than the input of
equation (47), as shown in Figs 7 and 8 respectively

it should be noted that the magmtude of the user-
input force affects the convergence of the parameters
The problem arnises from the choice of 8, i equation (2)
With the user-input defined by equation (45) the desired
veloaity function never saturates, 1e 8, <0, .., Thus
the dependence of 8, on 1, 15 very strong and as inputs
they appear to be very similar Under these conditions
the composite adaptive controller cannot extract enough
information from these inputs to determune the correct
parameter estimates However, the parameter estimates
and tracking error remain bounded at all times

The user-mputs given by equations (45) and (46)
differ only in magmtude This difference sigmficantly
changes the appearance of 6, with respect to 7, 1 the
region where |z,| > T, ., The composite adaptive con-
troller 15 able to extract more mformation about the
system with the user-mputs defined by equations (46)
and (47) These eflects must be taken mto account
duning experimental work
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Fig. 8 Simulation parameter estimates with user-input 3
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7.2 Experimental results and discussion

The expenimental results of the computed-torque con-
troller are compared to the results obtained from the
compostte adaptive controller In both experiments the
applied user-input force generates a command velocity
based on equation (2), where 0, =005rads,
Tymax = 10Nm, 7,  =1Nm The desired velocity is
then digitally integrated and differentiated to give the
desired posttion and desired acceleration respectively
The matnices P, and Pg and the vectors &, and d-"ﬁ were
mtialized as in equation (43) and the controller gans
set as follows tracking error filter gamn 4 = 50 and con-
troller gams K., =K., =35 The torque filter that was
used m the experiments for both a unwmding and B
unwinding control is given by the first-order transfer
function of

10
s+ 10

JGe)= (49)

The filter of equation (49) used in these expenments
differs from the filter used 1n the simulation tests [given
1n equation (44)] because 1t has been tuned to mimmuze

2} Inertia Estimates
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¢) User-mput Torque Coefficient Estimates

the effects of quantization and sensor nose that are not
modelled mn the simulation

In a ssmilar manner to the simulation tests, three user-
input torque commands were manually applied to the
Joint mechamsm, as shown by Fig 9 Figures 9a, b and
¢ show the user-input commands simlar to those given
In equations {45), (46) and (47) respectively Figure 10
shows the desired and actual position, derrved from the
mtegration of equation (2), for the three user-mput
torque commands. The graphs of desired and actual
posttions 1n each are indistingmshable because the error
18 very small

The system position error using the composite adapt-
ive and computed-torque controllers 1s shown in Fig 11
The error has been shown using a small scale, compared
to Fig 10, to enlarge the graph. Although it has not been
possible to generate exactly the same trajectory, Fig 11
shows a companson between the composite adaptive
control scheme developed n this paper and the
computed-torque method developed previously [5]
Figure 11a shows the performance of the computed-
torque controller compared to that of the composite
adaptive controller (with the user-mnput command of

b) Damping Coefficient Estimates
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Fig 14 Expenmental parameter eshmates with user-mnput 3

Fig 9a) Simularly, Figs 11b and c illustrate the compan-
son for the user-inputs given by Figs 9b and ¢ respect-
ively Computed-torque control was performed with
user-inputs similar to those given i Fig. 9 The torque
command could not be reproduced accurately owing to
the input bemg applied manually For clanty, the com-
puted-torque controller error 1s shown offset by
0005 rad. It can be seen that in the cases of Figs 11b
and c there is not a significant difference 1n the perform-
ance of the composite adaptive controller compared to
that of the computed-torque method

The parameter estimates corresponding to the results
of the user-input of Figs 9a, b and ¢ are given m Figs
12, 13 and 14 respectively Unlike the simulation, the
parameter errors converge on different values to those
calculated in equation (48) and shown by a dotted line
in each figure In the case of the fow-magmtude user-
input (Fig 12) the parameters are slow to reach a con-
stant estimate However, for the two larger magnitude
user-mnput commands, Figs 13 and 14, the parameter
errors are shown to reach steady state more rapidly

The simulation and experimental results are different
It has not been the amm of this work to fully simulate
the whole system accurately, including the digital
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interface, but simply to use the simulation to develop
the control strategy, which 1s then implemented practi-
cally For example, the friction cannot be modelled pre-
cisely and the simulatton model does not include
flexibility 1n the joint mechanism and assumes perfect
measurement of motor torque and speed Despite these
1ssues the composite adaptive controller 1s shown to
work well and 1s robust agamst both modeling and
measurement errors

8 CONCLUSIONS

Both simulation and experimental results have shown
that a composite adaptive control scheme can be used
to track a desired path. It has been shown that the depen-
dence of the desired veloaty on the user-mput force and
error 1n the model has a detrimental effect on the conver-
gence of the tracking and parameter errors to zero The
composite adaptive contro] method has been shown to
give a performance equivalent to the computed-torque
algorithm [5] under certain conditions cn the user-input
torque command It has been shown experimentally that
if the desired velocity and user-input are not sufficiently

106701 © IMechE 2002



COMPOSITE ADAPTIVE CONTROL OF A ROBOTIC JOINT 15

independent of each other, the composite adaptive con-
troller does not perform as well as the computed-torque
algorithm However, 1 both the simulation and exper-
mental results, the tracking and parameter errors remam
bounded under these conditions The dual-worm mech-
anism 15 stil] able to cancel backlash using the composite
adaptive control scheme

Unlike the composite adaptive controller, the ability
of the computed-torque control algonthm to track a
path relies on fixed estimates of the joint parameters
Therefore, degradation of the computed-torque control-
ler’s performarnce due to wear of the gears or changes m
load can be expected This would require periodic
re-tumng of the algonthm in order to ensure satisfactory
performance, which can be a time consuming process
The composite adaptive control scheme has been shown
to be robust 1n the face of large modelling and measure-
ment errors, and as such can be used to compensate for
changes mn system parameters Due to the nature of the
proposed application, it may not be prudent to allow
the controller to adjust parameters during operation
The composite adaptive controller should be used to
tramn the manipulator off-line as part of a cahbration
procedure before 1t 1s used Care must be taken to ensure
that the user-input command consistently saturates the
desired velocity function dunng this training period.
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