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Introduction

Over the past decades, there has been increasmetgst in the challenging field of service
robots. Most of the elderly and disabled peopletwative in their own houses and hope that
some intelligent robots can help them with taskshsas stand up or seat down assistance,
preparing or warming food, serving and clearingdalfetching and carrying difficult and
heavy objects, etc. Our project “Intelligent Cohtad Autonomous Manipulator Mobile
Robots Group Formation” is associated with the IMXAS (Associated International
Laboratory for Material, Mechanics, Control andaimhation Science). By collaborating with
Beihang University in this project, we focus on tesign, research and virtual prototyping of

a personal assitant robot which will work in donestvironments for assistance tasks.

Problem Statement

Research on personal assistant robot is stilsinety early stages. There are many problems
in creating such a complex robotic system. Firsinary applications should be designed.
The requirements of hardware and software whiclpeupghose applications are needed to be
considered. Secondly, structure design plays a waportant role in defining the robot
efficiency and flexibility. Ideally designed andtopized structure is able to enhance robot
operating efficiency. Most of the assistant rolarts based on a robot platform. This platform
is usually equipped with a wheeled drive system smtie castor wheels. And the assistant
robots are all equipped with one or two compacbtiebarms. This type of robot is called a
mobile manipulator. Such systems combine the adgast of mobile platform and robotic
arms and reduce their drawbacks. For instancemibigle platform extends the workspace,
while the arms offer many operational functiong(esimply opening a door for the robot).
This structure seems particularly suited for perb@ssistant robots. In general, mobile
manipulators can be categorized into three clagagsnobile manipulator with one arm; (b)
mobile manipulator with dual arms; and (c) multiptebile manipulators. The studies of the
second one have become important in designing palrsssistant robots for their human-like
structures. However, as is always the case, tlseeedost to pay for the advantages: more

difficulties in system modeling, control and syrgise

Simulation is an important and useful techniquet tten help users to better model and

understand real life systems. Virtual prototypiagnow a very common technique to simulate

17



mechanical systems. In many cases, virtual prpioty using computer has been able to
significantly reduce the amount of physical testiaguired, the time to market and hence the
cost. Once built, the models can be run to givéstearesults. Using software tools, one can
design and model systems by simulating separates pdr these systems and visually
investigating their behaviors under conditions thia close to real situations. In this thesis,
we illustrate the application of virtual prototygirto the design and development of the
assistant robot. Kinematic and dynamic simulatiofisthe complete robotic system are
performed. With the virtual prototype we are aldesalidate the functionality of the robot in
the conceptual design stage, improve the desigedbas the feedback from the simulation
results to yield an optimized final design and desti@te the robot’s capability.

Modeling of robotic systems is usually treated gseprocessing. It is clear that it provides a
basis on the study of stability analysis, feedbaoktrol synthesis, computer simulation,
implementation, and so on. The more arms mountedhenmobile platform, the more
laborious and complicated procedures required encthmplete modeling and the controller
synthesis. Especially, the robots have dexterondsaOne of the objectives of this thesis is
to completely set up the accurate models of kinmsaand dynamics for the mobile
manipulator system which is composed of a mobif@m, a torso, and a bimanual robotic
system equipped with two arms and two dexterousdian

In recent years, there are a number of researciigtdlying motion planning and control for
mobile manipulators. The objective of this thesisiliso focused on these two points. Given a
task, we should first determine the motion in jospce for the robot. Motion planning in
joint space is usually proposed by using optimarattechniques to determine the joint
motions so that the end-effector of a manipulag@ches some desired goal states in task
space by general point-to-point motion. There ex&t intrinsic problem for most mobile
manipulator systems: the total number of DOFs isegaly greater than six DOFs. How to

deal with the redundant DOFs attracts much attentidghe robotics community recently.

Motion control of mobile manipulators addresses gheblem of trajectory tracking in joint

space which allowing the joints to follow a desiteajectory specified as joint angles under
uncertainties and disturbances. However, manipaaod mobile platforms not only have
different dynamic characteristics but also havergjrcoupling. Since, in most cases, the
wheeled mobile platforms move on the ground suegetd nonholonomic constraints and the
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robotic manipulators are holonomic mechanical systehow to control the manipulators and

the mobile platforms is also important.

Due to the high mobility of wheeled platforms arite tmanipulability of manipulators,

wheeled mobile manipulators are capable of perfogndexterous manipulation tasks using
some control laws. Furthermore, the study on comtrohore powerful robots with dexterous

hands has attracted significant attention ovelydas. Although researches on mobile robots,
robotic arms, manipulation by multi-fingered haradsl even on mobile manipulators have
been studied in various research institutes andeusities, there are few works related to a
redundant system considering mobile platform, aamd hands as a single system (as
ARMARK-III [1] and Meka [2]). Most researches on oib have been developed in their own
independent and separated lines without considenmygcoordination of each other. Object
manipulation with a multi-fingered mobile manipwatis a challenging task, especially in

personal assistant robot applications.

The work presented aims at designing a personatass robot using virtual prototyping
technology, providing a unified model for this nuiihgered mobile manipulator and
designing some control laws to achieve coordinatedion and object manipulation. The

main objectives of the research are the following:
* Robot application design and requirement discussion.
* Mechanical structure design and virtual prototypestigoment.

* Mathematical and bond graph modeling of a dualdaamd mobile manipulator.

* Development of a collision-free path planning aitjon for a redundant manipulator
with the given desired pose.

* Development of a robust RBF network-based contrioéme for a mobile manipulator
that identifies the completely unknown mobile pbath and manipulator dynamics in
unknown and changing environments with the adaptatbility.

* Development of a robust RBF network-based contheme for coordinated
force/motion control of a mobile manipulator suifier both holonomic and
nonholonomic constraints in the presence of uniceig¢a and disturbances.

» Design of a control scheme to ensure firm grip,idatippage and well track a given
motion imposed to the object considering the dywcanoif the dual-arm/hand mobile
manipulator which manipulates an object with knakape by rolling contacts.

Organization
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The thesis is divided into four parts. Chaptersislisome personal assistant robots, and then
introduces the previous work related to the resedopics. A short introduction to the

technical background employed in this thesis is affered in Chapter 1.

In Chapter 2, first, the robot applications arecdssed. This robot’s ultimate goal is the
execution of complex manipulation tasks in domestigironments. And the requirements
for realizing those applications are given. In thechanical design stage, a 56 DOFs robot
with repeated several robotic chains for the tramkys and dexterous hands is constructed. Its
3D mechanical structure designed in Solidworksxgoeted to ADAMS software in order to
perform motion simulations. The virtual prototype ADAMS provides a tool to explore

many issues involved in robotics.

For control creation in mobile manipulation tasksChapter 3, the kinematic and dynamic
models of the robot are established. The kinenmatdel of the robot based on the MDH
method is developed, and the dynamic model is ddriby the standard Euler-Lagrange
formulation. As the mathematical model is frequgnibed for several different purposes
there is a need for finding ways of facilitating oewtion of submodels to extend these
models. In Chapter 3, a novel approach, bond gtaghnique, to model the robot is
introduced. It is a modeling tool which can be usedescribe several different disciplines or
energy domains using the same basic system elemBmis electrical systems affecting
mechanical systems can easily be modeled and cauhélhe overall bond graph model of
the robot is build step by step following the NemABuler formalism which has been widely

used for modeling this kind of system.

In Chapter 4, some algorithms for motion plannimgl @oordinated control are presented.
First, an algorithm for solving the motion plannipgblem is proposed. Then a robust NN-
based control scheme for a mobile manipulator esgmted. This scheme can identify the
completely unknown dynamics of the robot in unknaam changing environments with the
adaptation ability. A similar control scheme but éoordinated motion and force control of a
mobile manipulator suffering both holonomic and n@ohomic constraints is proposed. In
addition Chapter 4 illustrates a control schemeniatti-finger grasp synthesis to ensure firm
grip, avoid slippage and well track a given motimposed to the object. This control method
is not only applicable to the dexterous hand bsib & the complete mobile manipulator. In
the latter case, we take into account the com@iatematics and dynamics of the dual-

arm/hand mobile manipulator system.
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CHAPTER1 STATE OF THE ART AND
PRELIMINARIES

1.1 State of the Art in Personal Assistant Robotics

Personal assistant robots are semi or fully aut@usnmachines that can mimic humans with
human-like motions. They can assist human beiyggally by performing a job that is dirty,
dull, distant, dangerous or repetitive, includinguéehold chores such as cutting the lawn,
cleaning, housekeeping, and more. Meanwhile, tlveldpment of robots for health care and
assistance to elderly, disabled, or impaired pepbn active area of research. Today, there
are some robots that also can sing and dance. Hnereome personal assistant robots in

production, and some examples are shown in Figdre 1

Figure 1.1: Examples of personal assistant robGtse-O-bot 3 (Fraunhofer Institute for
Manufacturing Engineering and Automation IPA); RoBd&R (Maid Robot from
Japan); TWENDY-ONE (WASEDA University Sugano Laldorg TWENDY
team); Enon (Fujitsu Laboratories Ltd); Personal ®oBR2 (Willow Garage);
Readybot (Silicon Valley)
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e Care-O-bot 3

Stereo-vision color cameras, laser scanners and e8@e camera enable Care-O-bot 3 to
register its surroundings in 3D in real time. Incaove in any direction which is made

possible by an omnidirectional platform with fowparately steered and driven wheels. The
new Care-O-bot has a highly flexible arm with seldFs and a hand with three fingers. A

tray is mounted at the front of the robot, on whichre-O-Bot can carry items such as the
requested cup of coffee. Integrated in the traytisuch screen via which the assistant can be
controlled. But the robot can also be directedgmken commands. Unlike its predecessors, it
can even recognize and respond to gestures. Numéausehold articles are stored in the

robot’s databases. It can also learn to recognivealgects.

« Robot AR

The upper body of AR consists of arms (7 DOFs)eadh(3 DOFs), and a waist (1 DOF).
End-effector equips 3 fingers and each finger is mosed of 2 joints. On the other hand,
lower body is wheeled mobile platform. This robaiunts a stereo camera on the head, and a
LRF (Laser Range Finder) on the base. Force semsergquipped on the wrist and the
shoulder of the both arms. The design focus ormoveflg 3 series of tasks which are very
popular in daily life: (1) pick up a tray from abte, convey it, and put it onto a kitchen, (2)
gather clothes and put it in a washer, and (3) pveedoor by using a broom. One of the

characteristics of this robot is to have failuréedéon and recovery abilities.

The robot has two types of recognition functionsohtare applied to solid objects (other than
clothes) or soft objects (clothes): (1) object paszognition based on geometrical model and

(2) cloth recognition based on wrinkle feature.

« TWENDY-ONE

TWENDY-ONE is a sophisticated human symbiotic rolwbich equips the functions such as
safety, dependability and dexterity. The speciatifee of TWENDY-ONE is the combination
function of dexterity with passivity and high-poweutput. TWENDY-ONE equips high
output actuators with the simple mechanical passivgpedance mechanism. When
TWENDY-ONE manipulates an object with various stspeis easy for TWENDY-ONE to
adapt to the object by passivity to absorb extefoate generated by the positioning

deviation. In the same way, TWENDY-ONE can adaphiaman motion and hold a human.
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As a result, TWENDY-ONE can manipulate an objeckteéeusly as well as support a

human.

e Enon

Enon is an acronym of the phrase “exciting novaetwark”. The phrase conveys the robot’s

ability to autonomously support customers’ taskdevbeing linked to a network.

As a fully developed practical-use service robatoif features enhancements such as lighter
weight, smaller size, and more safety features thanprototype that Fujitsu developed
before. Enon is an advanced service robot capdbdeEamplishing multiple tasks such as
providing guidance, escorting people, transportigects, and security patrolling, thereby
differentiating Enon from other service robots ba market that are designed specifically for

only a single task such as transporting, clearongurveillance.

* PR2

PR2 is an open platform. Researchers can changg/siem to meet their needs at any level.
It combines the mobility to navigate human enviremts and the dexterity to grasp and
manipulate objects in those environments. It is hbyithe size of a person and consists of a
mobile base sitting upon four steered and drivestets, torso, head, two arms, an array of
sensors and sixteen cores for computation. The tam/es up and down relative to the base,
to give PR2 a height ranging from 1.33m to 1.645ime arms attached to the torso have
seven DOFs and the forearm contains a 640x480 aaorera that can always see the
grippers. The grippers consist of a central palrthviour articulating fingers. Each gripper

also contains a 3 DOFs accelerometer and an LEzhvdan be turned on and off to assist in
calibration or finding the location of the gripdarcamera images. The pan-tilt head contains
wide and narrow stereo cameras, a 5-megapixel @ametexture projector and a Hokuyo

laser range-finder.

* Readybot

The Readybot prototype is basically a white endoel with wheels, two human-sized arms
and retro chrome styling. The unit fits neatly lre tsame counter space as a dishwasher and
after activation, rolls out, deploys several antgehke cameras, and raises itself up to human
height to begin work. Slowly but steadily, it pickp cups, bowls, and plates, dumps food,
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loads the dishwasher, scrapes and scrubs the cmmté&/hen needed, it grabs one of several

custom tools to scrub, sponge, or maneuver.

1.2 Literature Survey

In this subchapter, a survey of the previous wetkted to the research topics mentioned in

the introduction part is provided.

1.2.1 Review of Multi-body Computer Codes

CAD packages have increased in popularity to supgperdesign process. Computer analysis
packages provide numerous advantages over traaliteoralysis methods such as analytical
hand calculations and prototype /experiment desaremes. Computer analysis techniques
such as MBS, FEA, and CFD are the sister produdtsecCAD revolution.

Table 1.1: A comparison of multi-body dynamic codes
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The goal of this research is to develop a virtuatqtype for a mobile manipulator which is a
complex, highly nonlinear system and requires taygabilities of advanced packages to be

fully analyzed. Among the various computer analysiskages, MBS packages are capable of
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creating valid dynamic simulations for robots. Otize virtual prototype has been developed
and validated, a real complex mobile manipulatdr e created. Table 1.1 [3] outlines the
various MBS packages on the market and their chpeki By comparison, among these

packages, ADAMS and DADS are the most comprehemMdB8 packages available.

1.2.2 Robot Structure

In the analysis of all assistant robots, differeimhracterizations can be argued such as biped
locomotion, dexterous hand manipulation, dual-aramipulation, and so on. It is possible to
classify the assistant robots developed so fawmn rhain groups according to the tasks that
are addressed. The first one includes mobile rolpétforms (as Sony QRIO [4] and Honda
ASIMO [5]). All of these robots have brought abaignificant advances in locomotion,
nevertheless they cannot be considered as effdutin®n assistants because they are unable
to perform complex manipulation tasks. The lati@ug is bimanual robots consist of a torso,
two arms and dexterous hands. These robots carfsistomplete platforms but provided
with dexterous hands. Examples from this categaciude Dexter (UMass Amherst) [6] and
Domo (MIT) [7]. Manipulation is an addressed featand although they seem not complete,
they are fundamental experimental tools in develggrtificial intelligences with cognitive
abilities. ldeally, the advances in bimanual matapon and locomotion could be combined

to provide a competent experimental platform fooaotmous mobile manipulation.

1.2.3 System Modeling

Modeling is an essential analysis for understantliregdynamical behavior of robot systems.
An appropriately constructed dynamic model can tiyefacilitate and guide the control
design. A mobile manipulator includes dynamic iatdion between the mobile base and the
manipulators. And usually the wheeled platform iabjected to the well-known
nonholonomic constraints. Thus the dynamics of toeenbined system is much more
complicated. Mathematically, the dynamic model ituraly expressed by the equations of

motion, which define an instantaneous relationdbepween the external actions (actuator
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forces, disturbances), the generalized coordinabestheir time-derivatives (velocities and
accelerations). Generally speaking, the dynamicmobile manipulators has been derived
based on four approaches: Newton-Euler method, dragr's equation, forward recursive
formulation, and Kane’s approach. Some literatunese concentrated on the kinematic
models excluding the dynamic effects [8]. In refexe [9] the model is based on Lagrange’s
approach and in reference [10] the model is basddame’s equation. These two papers have
paid attention to derive the general form of dymarmaguations and dynamic couplings
between the mobile base and the manipulatorsheutdmputation complexities are large and
the detailed descriptions are omitted. Sheng [1tlljzes a neural-fuzzy approach to

approximate the robot dynamics, which leads todpeed moving or long-time learning.

Mathematical models are frequently composed of t#ods of equations. These models are
difficult to create and even more difficult to m&im. Graphical modeling is generally more
suitable for the creation of models of complex eyst than equation-based modeling.
Graphical approach consists of the following methddtsck diagram, signal flow graph, and
bond graph from which one can get the mathematiwadlels of systems. Among these
methods, block diagram and signal flow graph do gise much insight into the system
topology while bond graph represents a generalplgsapproach to model physical systems
of arbitrary types. The concepts of energy and pofl@vs define a suitable semantic
framework for bond graphs of all physical systeMany researchers have worked on bond
graph modeling of mechanical systems. Bond grapbryhend notation were well developed
and described in [12]-[14]. Bos [15] and Fahrendhidl6] developed bond graph techniques
for hydraulic, mechatronic and thermodynamic systenKarnopp [17] studied a
comprehensive research on bond graph techniquesewhsslts were applicable to robotics

and spatially moving objects.
We give a brief summary of mathematical and boraghlgrmodeling methods.
Classical approach for modeling physical system [18]

» Stepl: Develop an engineering model
» Step2: Write differential equations
» Step3: Determine solution

» Step4: Write program
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Bond graph modeling approach [18]

» Stepl: Develop a schematic model
» Step2: Draw a bond graph
» Step3: Obtain computer graph to generated diffexleequations
» Step4: Use PASCAL or Matlab
1.2.4 Motion Planning of Mobile Manipulator

Motion planning for mobile manipulators is to fiadproper collision-free path under certain
evaluation criteria from the start state (includpwsition and direction) to the target state in
the work environment. We have known that the alkaotmobile platform and manipulators
has an advantage because it permits to enlargevénespace of the robotic arms, but it
causes inconvenience in path planning; combiningipogators with mobile platform results

in a system with redundant kinematics. And it [geasistent problem when the end-effectors’
states of the manipulators are imposed.

The motion of a mobile manipulator regarding onegéa object can be considered as
consisting of two cases: (1) moving while carryitng target and placing the target at a
destination, and (2) moving to pick up the tardetthe first case some planning methods
were proposed. Some of them did not give full ptaythe abilities of locomotion and
manipulation and some did not consider the dynasfiiects. Yamamoto [19] presented a
planning and control algorithm for the platformthat the manipulator was always positioned
at the preferred operation region measured by @sipulability. Seraji [20] presented a
simple and computationally efficient approach whatlowed the user to assign weighting
factors to individual degrees of mobility and degg®f manipulation, as well as to each task
specification. Carriker [21] presented a heuristigthod for searching a tree of starting points
for a standard numerical algorithm to find a globahimum for the cost function. Foulon
[22] reported strategies for realizing operatiopalnt to point tasks with a nonholonomic
mobile manipulator. But it neglected the dynamioparties. Tchon [23] concentrated on
local methods, and presented three Jacobian mptasming algorithms effective at regular
configurations of a mobile manipulator. Tanner [pd¢sented an approach which was based
on a discontinuous feedback law under the influei@special potential field.
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Mobile manipulator is a very complex multiple-inpuiultiple-output nonlinear system and
has time-varying characteristics and strong couplifigerefore, one must take into account
the dynamic interaction between the mobile basetlamdnanipulators. Akira [25] derived the
dynamics of a mobile manipulator considering iteagombined system and presented a
trajectory planning method using the concept ofdlaer of priority. Tan [26] developed a
unified dynamic model for an integrated mobile fadah and on-board manipulator. The
kinematic redundancy and dynamic properties ofplform and the robotic arm have been
considered in the unified model. Huang [27] proplbaemethod for vehicle motion planning
considering manipulator task constraints, and maatipu motion planning considering
platform stability. Haddad [28] proposed a flexildéochastic scheme for point-to-point
trajectory planning of nonholonomic mobile manigafa subjected to move in a structured

workspace.

In the second case, when the mobile base arrives gaasping position, the manipulator
begins to grasp the target. When the mobile platfes nonholonomic and moves in a
collision-free environment, most of the planningtimels which are applied in nonholonomic
systems [29], [30] can be used. The problem is kntawbe complex if obstacles are present.
The path planning problems of mobile robot and neldmt multi-joint manipulator in
dynamic environment with obstacles are two very irtga issues for achieving this task.
Researchers proposed a variety of planning algosttsuch as PRM [31], [32], RRT [33],
[34], artificial potential field method [35], [36Eell decomposition [37] and so on. Atrtificial
potential field algorithm is simple and easy to iempent. It is often applied to local path
planning. Cell decomposition method is mainly usadow-dimensional path planning. The
search algorithms based on sampling techniques (FRRT) can solve high-dimensional
search problem. PRM algorithm is mainly used fordbarch problem in static environment.
It searches for a feasible path through a prolsigiliroadmap which is pre-built. In
configuration space RRT randomly samples some pamexpand the tree until this search
tree is connected to the goal point. Because ofliitity to solve very complex, high
dimensional planning problems and its relative ezsienplementation, RRT has been used

for high-dimensional manipulation planning whichois current focus.

1.2.5 Coordinated Control of Mobile Manipulator

In recent years, many researchers have investigedgsttory tracking control problem for

mobile manipulators. The control schemes can bealgnalassified into two categories. One
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is decentralized control law, in which controller mobile platform and that for manipulators
are constructed separately and then interactiomvdset platform and manipulators is
considered or neglected. The other one is unifadrol law, in which controller is designed
for overall mobile manipulator system. The follogyiare some issues considered in the
various control schemes: (1) dynamic coupling, (@certainties and disturbances, (3)
stability, (4) moving form of platform and maniptdes, and (5) control of applied end-

effector forces. We present a short review of tralable current control methods.

Wiens [38] presented a single lever arm links watHixed platform and discussed the
influence of dynamics of the platform. But it didtrconsider the control of the platform [39].
Yamamoto [19] presumed that the manipulator hadh el taught, and through controlling
the platform the system can make the manipulaton tee preferred region and keep the best
configuration. Based on [19] and combining forcaitcol, Yamamoto [40] proposed that a
manipulator tracked the surface of a moving objeee [41] chose a safety region for the
plattorm. Computed torque control [42] is very effee, but it requires the precise
mathematical model of the system. However, the haabanipulator is a very complicated

nonlinear system. It is difficult to obtain the acate dynamic model.

Considering uncertainties such as friction, distndes and many other factors in practice,
many researchers did much work. Through torquerchriEvangelos [43] accomplished the
tracking control of a manipulator under disturbanckiu [44] proposed a decentralized
control method. The dynamic coupling and the umdsties were all regarded as the
disturbances. On the premise that the system didnaetl know the dynamics and the
uncertainties, Sheng [45] presented a robust dampantrol algorithm and respectively
designed a neutral network controller for the twibsystems [11]. The neutral network
estimated the dynamic coupling, parameters, andrtainties online. Chung [46] solved the
kinematic redundancy by using a nonlinear inteoactiontrol algorithm. A robust adaptive
controller was designed for the manipulator and/@nlinear controller was designed for the
platform. The coordination of the two controllerasiachieved.

In the workspace, there are always many obsta¢k®amoto [47] presumed that there were
some obstacles in the desired trajectory. Supedgtia potential functions instead of those

obstacles in order to avoid them. Ogren [48] assuthat there were some obstacles in the
trajectory of the mobile platform. According to tligstances between the obstacles, the

platform and the end-effector, a variable structtmetroller was designed.
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The decentralized control methods described abmsectatively simple. However because of
the coupling between the subsystems, the perforenahdhe controllers will be severely

affected. Thus many scholars considered mobilégotatand manipulators as a whole system
and studied on coordinated control. Seraji [20higisthed a unified kinematic model for

mobile manipulators and proposed configuration @nit used the redundancy to complete
a series of user-defined additional tasks. Tan, [R]] established a unified dynamic model
for mobile manipulators. The model was linearizew alecoupled and it completed the
coordination of mobile manipulators through everddahcontrol. The kinematic redundancy
was used to control the force and position simelaisly in order to ensure the stability when
there were some obstacles [26]. Besides, forcepasiion control were decoupled and kept

in the same direction by using kinematic redunddAey.

In general, the task is just given to the end-éffecand the platform only plays the role of
positioning. But in some special occasions, it negunot only that the end-effector moves
along the desired trajectory but also that thef@iat moves following a given trajectory. This
control problem is more complex. Taking into accatlwat dynamic coupling Dong [50]-[53]
designed a robust controller based on Lyapunovligyatineory, and respectively designed a
robust controller when the inertial parameters wer@curately known and there were
frictions, disturbances and uncertainties. Jagd&iamaf{54] assumed that the dynamics was
unknown. A fuzzy logic controller which linearizede composite system was considered.
Yamamoto [55] researched a more complicated sttmatiwo manipulators finished a task
coordinately and proposed the concept of ellipgoithe workspace. Kang [56] presented the
utilization of inertial effect in damping-based pa® control of a mobile manipulator.

The dynamic coupling between manipulators and regiiatform has a great influence on the
robot’s performance. Tan [26] compensated the dynmaoupling by extended Jacobian
matrix. But this measure required the prior knowkedfidynamics. Yamamoto [57] not only
derived the dynamic model coupling but also comatats the coupling by nonlinear
feedback.

Another important issue in controller design idgity. The stability of mobile manipulators
is difficult to ensure because it not only needsiamostability but also needs manipulation
stability. Early researches only kept the statmbsity through the control of the mobile
platform’s center of mass [58], [59]. Yoneda [6@daDubowsk [61] discussed the dynamic

stability through controlling the interaction forbetween the platform and the ground, but
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this method cannot be achieved offline. Huang neadesearch in depth for this issue [62].
Stability compensation range [63] can ensure thbil#ly by controlling the configuration of

the manipulator.

1.2.6 Force Control

Several researchers have investigated trajectackitrg problem for mobile manipulators.
These control techniques are only adequate when ntheipulators do not interact
significantly with the environment. However, for nyatasks mobile manipulators come in
contact with constrained surfaces such as writing bfackboard, wiping windows, scribing,
grinding, and cleaning tables, and then interactaynes develop between the end-effectors
and the environment. Therefore, contact force cbng at least as important as position
control. In such cases, the trajectories and timstcaint forces of the systems are required to
asymptotically converge to the desired ones, reés@dg. These cases can be considered that
the mobile manipulators are subject to nonholonomaied holonomic constraints

simultaneously.

Considerable research on force control schemedéas reported in the last two decades.
Force control schemes which focus on realizingatetrol of force vector, motions, and/or

desired relations between force and motion, cacabegorized into four classes:

» Stiffness control involving the relation betweersipion and applied force, impedance
and admittance control involving the relation besaweelocity and applied force.

» Explicit force control and implicit force controlh@se aim is to regulate the applied
force.

» Parallel position/force control.

* Hybrid position/force control or hybrid impedancentol which simultaneously
controls position/force based on tangential andnabrsubspaces of the constraint
surface. In these control schemes, different céstae applied in two complementary
orthogonal subspaces, position-controlled subspawe force-controlled subspace,
separately.

Research on impedance control [64], [65] and hylpadition/force control [66], [67] are

closely related to the study of robot performanteanstrained tasks. Impedance control
approach proposed by Hogan [64] aimed at controfiagition and force by adjusting the
mechanical impedance of the end-effector to exitdiorae generated by contact with the

environment. Kazerooni [65] suggested that impedamantrollers were built on the basis of
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the internal position control loops. A method ofiaaly controlling the apparent stiffness of
an end-effector was presented [66]. The approdchvadl the programmer to specify the
three translational and three rotational stiffnedésa frame located arbitrarily in hand
coordinates. A method for the design of hybrid posiforce controllers for constrained
manipulators was derived [67]. This method can jiq@ied to all types of constraints due to

contact with the environment.

However, these methods do not establish a thearéteamework which can serve as a basis
for the study of robot performance of constrairesks. Though impedance control takes care
of both constrained and unconstrained motions bgcifpng the performance of the
controlled system as the desired generalized dymampedance, it does not address
explicitly how to keep the end-effector in contagth the surface. And impedance control
deals with control during contact with an envirominehat deforms due to an applied force or
torque. The problem addressed in this thesis igr@oof a mobile manipulator while the end-
effector is in contact with an environment withimie stiffness. Specifically, control during
contact with rigid surface is examined. Hybrid piosi/force control is usually used in this

case.

However, we need to find a method which is simitathe hybrid control but unnecessary to
specify an intermediate constraint frame. Thisighaddresses the problem of stabilization of
force/motion control for a class of mobile manigafasystems with both holonomic and
nonholonomic constraints with uncertainties andudisnces even if the dynamics of the
robots is completely unknown. The motion/force condf mobile manipulators has received
many attentions in the literature (see [68]-[74] feferences). A reduced dynamic model,
suitable for simultaneous independent motion andefa@ontrol was developed and a robust
control algorithm was derived, which guaranteed whdorm ultimate boundedness of the
tracking errors [68]. A robust adaptive motion/®nracking control has been proposed for
uncertain nonholonomic mechanical systems [69],].[Robust control strategies were
presented systematically for both holonomic meatansystems and a large class of
nonholonomic mechanical systems in the presencenoértainties and disturbances [72].
Decoupling robust motion/force control strategieaven been presented for a mobile
manipulator with both holonomic and nonholonomimstoaints which ensured the state of
the system to asymptotically converge to the ddsnagectory and force [73], [74].
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1.2.7 Multi-Finger Manipulation

The ability to grasp is a fundamental skill for hams and a prerequisite for performing a
wide range of object manipulation tasks. Therefogeasping is also a fundamental
requirement for assistant robots, if they are tafgoen meaningful tasks in human
environments. In recent years, a lot of researchide@n conducted on robotic grippers with
few DOFs which may not be particularly versatiles & result, the number of robotic hands
developed with multiple fingers has been steadilyeiasing. It has become an important area
in robotics mainly because it increases the fleyband versatility of robotic arms, allowing
the use of a single end-effector for grasping amamex manipulation of a large variety of
objects.

So far there are many developed multi-fingered baAthong the most known robotic hands
one can mention in a chronological order: the Okddad (1979) [75], the Stanford/JPL
Hand (1983) [76], the Utah/Mit Hand (1983) [77], tBarret Hand (1988) [78], [79], LMS
Hand (1998) [80], the DIST Hand (1998) [81], [8&%]e Robonaut Hand (1999) [83], [84], the
Tokyo Hand (1999) [85], the DLR-Hand Il (2000) [8&)e Tuat/Karlsruhe Hand (2000) [87],
the Ultralight Hand (2000) [88], the Gifu Hand (20(J89], the Shadow Hand (2002) [90],
the UB Hand IIl (2010) [91]. These types of multigered robotic hands have an advantage
that the hands can be used with various types aftimbhrms because the robotic hands have

independent structures.

Object manipulation with multi-fingered hands i<taallenging task, especially in personal
assistant robot applications. Much research has bdeee on hand mechanism, grasp and
manipulation theory [92], [93], kinematics [94],99and dynamics [96], [97] of dexterous

hands. In this section, we present an overvievhefresearch work in the area of dexterous

manipulation.

* Operating mode

A starting question for designing a robotic hanchasv it is operated. For operating, [98]
gives three possibilities: (1) human demonstragaided, (2) vision sensor guided and (3)

tactile sensor guided.

* Type of grasp
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A human hand can grasp in many different ways. @fasp of a human hand is always
adapted to the shape and the weight of the olfamilarly, a multi-fingered robotic hand can
use several grasp types such as fingertip grasperaredlope grasp with taking the advantage
of DOFs. In this thesis, the contact will be assdrtee be one point per fingertip, which is
known as a precision grasp [99].

« Control

Another important aspect of robotic hands is thetrad scheme implemented. The two main
types of control are position control and force colntPosition control can be used in the
situations where there is little force to be getestaThe grasping contact points must allow
the application of forces on the object that achithe object equilibrium, or to fully restrain

the object to resist external disturbances. Thewgan of object grasping or manipulation

requires controlling also the interaction force®tsure grasp stability. This is accomplished
by satisfying form or force closure conditions.ftmm closure, it is required that the object
cannot move, even when there is no friction at @mytact point. Force closure which is less
strict demands that the object cannot move wherdheact has friction, when the grasp force

is large enough and there is a certain limitedresieorce or torque [100].

* Contact modeling

There are three main contact models between fipgeand object including: frictionless,
hard and soft finger contact [100]. Point contadatheut friction can only resist a
unidirectional force normal to the surface. Thestdered friction model of the two latter is
the static Coulomb friction model [101], which isagl enough for grasping. A still open
problem is the selection of contact points that Moselectively allow slipping at some
contacts and prevent it at others [100]. Rollingtaohis changing the contact point when a
curved fingertip rolls on the surface of an objddbowever, it is very difficult to control,

because the statics and dynamics of the systecoarpletely changed.

» Force optimization

The problem of GFO for a robotic hand consistsimdihg the set of contact wrenches
balancing the generalized external force actingthen object (including object inertia and
weight). This problem involves kinematic structufethe hand, joint torque limits, friction

cone constraints to avoid the slippage of the fisga the object surface and minimizing the

internal forces. All of the proposed optimizatioretimods have in common that the optimal
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variables are grasping forces. The nonlinearityhef contact friction models (point contact
with friction or soft-finger contact) is one of thmain reasons of the computational
complexity of GFO problem. [102]-[104] presentedclass of optimal algorithms. These
methods are computationally intensive because ef rtnlinearity of the friction cone
constraints. Thus, GFO problem is usually solvedubing the linearization of the friction
cones [105]-[108]. Han et al. [109] casted thetifsit cone constraints further into LMI and
solved the grasping force problem by using theriotepoint algorithm. Buss et al. [110]
reformulated the contact force optimization probleae a semi-definite programming
problem. Moreover, Liu et al. [111] gave a min-maethod for automatic generation of
initial points.

* Macro-micro manipulation

A lightweight manipulator has flexibility due todhstructure. A much smaller manipulator
can be faster and more rigid. Thus the combinaifcan small “micro” manipulator carried by

a large “macro” manipulator creates a robot that lva dexterous over a large area [112]. A
typical example of a macro-micro manipulator is tieotic arm-hand system. Placing a
robotic hand on the end of a larger arm, such agaNand Yoshikawa [113] describe,

produces a redundant macro-micro manipulator fasging and manipulation. The hand is
used to add compliance and fine motion due tontallsinertia, while the arm increases the
overall range of motion. Sometimes this system @umied on a mobile platform which

allows for mobility of the macro-micro manipulatdme personal assistant robot designed in
our project can be treated as one pair of macreemcanipulators mounted on a mobile

platform.

1.3 Mathematics Background
1.3.1 Introduction

This subchapter offers a short introduction to teehnical background employed in this
thesis arranged in five sections. In the first isect some mathematical preliminaries
necessary for the theoretical development in sulesgqehapters are first presented. In the
second section, the essence of bond graph modelingviewed. Then we introduce and
discuss the structure of RBFNN which is used is thesis. Next we introduce the concepts
of wrench and twist in screw theory. In the lastte®m GL matrix and its operator are

presented.
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1.3.2 Mathematical Preliminaries

This section presents the mathematical prelimisatiat are necessary for the derivations
found later in this thesis. Unless noted, all #h&utts may be found in [114], [115].

Definition 1.1 (Compact Set):

Let O" denote the space of realdlimensional vector. A subs&[T] " is said to be open if,

for every vectorx( S, one can find a -neighborhood ofx: N(x,&)={z "||Fz | & .

A setSis closed if and only if its complement” is open. A seS is bounded if there is>0

such that| x||< r for all x(0S. A setS is compact if it is closed and bounded.
Definition 1.2 (Vector and Matrix Norms):
The norm of a vectok [ " is defined as:
1xJI=V/X x (1.1)

The induced norm of a matrix is defined as:

| Al A (AT A) (1.2)

where A__ (c) is the maximum eigenvalue @' A.

The Frobenius norm of a matrix is defined as thet f the sum of the squares of all

elements:
I AlE=tr(A"A) (1.3)

where the tracdr(A) satisfiestr(A) =tr(A") for any A ™. For any B ™" and

cam ™™, tr(BC) =tr(CB). Suppose thah is positive definite, then for angm ™"
tr(BAB') =0 (1.4)
with equality iff B is themx n zero matrix. And

d{tr(A(9)}/ dt=1tC dA}/ dx (1.5)
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Theorem 1.1:

Consider non-autonomous dynamic systems of the:form

x= f(x 1), t=1 (1.6)

where xII ". Assume that the origin is an equilibrium poinéetlL (x,t):0%0- 0 be a

scalar time-varying function such thia(0,t) = 0,andS be a compact subset of". Then the

system (1.6) is said to be
A. Lyapunov Stable

If for system (1.6), there exists a functix,t) with continuous partial derivatives, such

that forx in a compact se§ 11 ",

L(x,t) is positive definiteL(x,t) >0; a.7)

L(x,t) is negative semidefinite..(x,t) < 0, (1.8)

then the equilibrium point is stable in the seniseyapunov (SISL).
B. Asymptotically Stable
If furthermore, condition (1.8) is strengthened to

L(x,t) is negative definite|.(x,t) <0, (1.9)
then the equilibrium point is asymptotic stable JAS
C. Globally Stable

If the equilibrium point is SISL (stable in the senof Lyapunov) or AS, iS[J ", and in
addition, the radial unboundedness holds:

L(x,t) - oo, Ot as||x|}» o, (1.10)
then the stability is global.
D. Uniformly Stable
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If the equilibrium point is SISL or AS, and in atldn L(x,t) decrescent, i.e., there exists

time-invariant positive definite functioh, (x) such that
L(x,t)< L(xt), O& O, (1.11)
then the stability is uniform (e.g., independent Of

The equilibrium may be both uniformly and globadhable. For instance:

Definition 1.3 (Uniform ultimate boundedness, UUB):

Consider the dynamic syster= f(xt), with xI ". Let the initial time be,, and the
initial condition bex, = x(t,). The equilibrium pointx, is said to be uniformly ultimately
bounded if there exists a compact S4fl] " so that for allx, O S there exists a bound

and a timeT (B, x,) , such thaf|x(t)-x, | Bforall t>t,+T.

In the above definition, the term uniform indicateat T does not depend ap. The term

ultimate indicates that the boundedness propertgishafter a time lapsg&. If S=0", the

system is said to be globally UUB.

It is noted that both AS and SISL are too strorguiements for closed-loop control in the
presence of unknown disturbances [116]. In practitased-loop systems, the bourl
depends on the disturbance magnitudes and otheéorgacHowever,B can be made
sufficiently small if the controller is properly signed. Thus, UUB stability is sufficient for

most control purposes [115].
A Lyapunov extension version of the Barbalat's lemisipresented in the following.

Theorem 1.2:

Let L(x,t) be a Lyapunov function so that(x,t)>0,L(x,t)< 0. If L(x,t) is uniformly

continuous, then

L(x,t) — 0, ast — oo, (1.12)
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Recall that one may check for the boundedness (aft) which implies that (x,t) is

uniformly continuous. Barbalat's extension can bedito show that certain states of a system
actually go to zero, though the standard Lyapunmalysis has revealed only that the system
is SISL (i.e., states are bounded).

In practical applications, there are often unknalisturbances or modeling errors presented

in the dynamic systems (1.6). i.e., systems ofdha:
x= f(xt)+d(1), (1.13)
with d(t) an unknown bounded disturbance.

The next theorem shows that UUB is guaranteed af ltlapunov derivative is negative

outside some bounded region[of.
Theorem 1.3:

For system (1.13), if there exists a functibfx,t) with continuous partial derivatives such

that forx in a compactS[1J ",

L(x,t) is positive definitel.(x,t)>0;
L(x,t)<0 for R>0[|x |P R.

For someR >0 such that the ball of radiuR is contained inS, then the system is UUB,

and the norm of the state is bounded to withinightmrhood ofR.

1.3.3 Review of Bond Graph Technique

For the sake of clarity, the concept of bond graph be briefly discussed. Bond graph
methodology was established by Prof. Henry Payimel961. It is a graphical modeling
language for modeling multi-physical systems withuaique representation. Different
physical systems such as electrical, mechanicalgneta, fluid, chemical, and
thermodynamic systems can be modeled and linkedthieg In this method, the various
elements are connected by means of power bondsseging dual variables called effort (e)
and flow (f) as depicted in Figure 1.3. A bond épnesented by a half arrow which at the

same time means the direction of power flow. Withinond the direction of effort variable is
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always in opposite to the flow variable due to tfaure, and the product of both variables
signifies the power magnitude. These bonds areesziad to junctions and system elements.

A ;\B

Figure 1.3: Power moves from system A to system B

Table 1.2: Domains with corresponding flow, effggneralized displacement and
generalized momentum

f e q =Jf dt p =Je dt
flow effort generalized generalized
displacement momentum

Electromagnetic i u q=lidt A =Judt

current voltage charge magnetic flux

linkage

Mechanical v f X =Jv dt p =Jfdt
Translation velocity force displacement momentum
Mechanical ® T 0 =Jo dt b =]T dt
Rotation angular torque angular angular

velocity displacement momentum
Hydraulic / P V =Jo dt t=]P dt
Pneumatic volume flow | pressure | volume momentum of a

flow tube

Thermal T Fs S =Jfsdt

temperature | entropy | entropy

flow

Chemical n Fn N = Jfy dt

chemical molar number of moles

potential flow

A bond graphs model is composed of one or a cortibmaf the following basic elements.
Energy dissipation is modeled by resistive elenfigrenergy storage devices such as springs
and inertia are modeled by eleme@tsandl, sources of efforts and flows are represented by
SeandSf, and power transformations are modeled by tramsfsTF or gyratorsGY. Power
bonds join a0 junctions summing flows to zero with equal effastsatl junctions summing
efforts to zero with equal flows, which implemenhtswton’s 2nd lawR, C andl are 1-port
elementsTF andGY are 2-port elementd. andO junctions are multi-port elements. With

these elements various systems can be built.
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Table 1.3: Common bond graph elements

=)

Symbol| Bond-graph Element Explanation Examples
2 © | Storage element for pCapacitor (stores charges), Spring
= C:C f g-type variable (stores displacement)
= S Storage element for pinductor (stores flux linkage), mass
! LI f p-type variable (stores momentum)
€
R:R <— . o
R g fl?eeglztnoerrglislpatlng Electric resistor, Mechanical frictio
R:R &—¥——
f
€ . .
ST If4 Effort sources and | E/€Ctric mains (voltage source),
Se, Sf o Flow SOUrces Gravity (force source), Pump (flow
f, 1S, ﬁ source)
e.l. ~ L % ~
TF 1 n b Transformer Electric transformer, Toothed
€ g € wheels, Lever
f, Ih' f,
Py
GY él r 6‘22 Gyrator Electromotor, Centrifugal Pump
1 r 2
& e
25T,
g Ideal connection between two sub
0,1 - . 0 and 1 Junctions models
f, ' f,
&|f,

1.3.4 Radial Basis Function Neural Network

It is assumed that a nonlinear function is compjeteknown to the control designer, and
that there exists a set of NN weights such thabtliput of a RBFNN [117] approximates the

function f(x). The most important feature that distinguishesRIB#& network from earlier

RBF-based models is its adaptive nature which gdigeallows it to utilize a relatively

smaller number of locally-tuned units. The followimng a description of the basic RBF

network architecture.
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f(x):0% O "is assumed to be linearly parameterized by RBFNN aw&ufficiently large

compact region of interedd, (11 ° in the state space such that:
f(X) =y +&(¥ (1.14)
where y(X) = W' @( %) .
For all x O D, and&(x) is the function approximation error which is bouddes:
le)||< & (1.15)
where ¢, is a positive number.

Figure 1.4 depicts a RBFNN. The design of a RBFNMd most basic form consists of three
separate layers. The input layer is the set ofceonodes. The second layer is a hidden layer
of high dimension. The output layer gives the resgoof the network to the activation
patterns applied to the input layer. The transfdiomafrom the input space to the hidden-unit
space is nonlinear. On the other hand, the tramsitton from the hidden space to the output

space is linear. The output is given by:

V()= wh(| = el (1.16)

where
x Is the input vector,

#(! is an arbitrary nonlinear radial basis function,

|il denotes the norm that is usually assumed to bkdeaa,
C is the center of the radial basis function,

W is the weight.

Input layer

Figure 1.4: RBFNN basic structure
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Radial functions are a special class of functiofiseir characteristic feature is that their
response decreases (or increases) monotonicalhytiét distance from a central point and
they are radially symmetric. Center, distance saatéprecise shape of the radial function are
the parameters of the model. There are a varietgdél functions available in literature. The

most commonly used one is the Gaussian function.

-

b2

#(x) =exp(- ) (1.17)

Its parameters are its centerand its radiud (width). Figure 1.5 illustrates a Gaussian RBF
with centerc=0 and radiusb=1. A Gaussian RBF monotonically decreases with the

distance from the center.

Guass function

[IR=QJ .

0.7 .

0B -

0sr .

04t -

03r .

02r .

01F .

D 1 1 1 1 I
-3 -2 -1 o 1 2 3

Figure 1.5: Gaussian function profile

A summary of the characteristics of RBFNN is givatow:

» Itis a feed-forward network.

* The hidden nodes implement a set of RBFs (e.g. &ausunctions).

* The output nodes implement linear summation fumstio

* The network training is divided into two stagesstfithe weights from the input to the
hidden layer are determined, and then the weigbta the hidden layer to the output

layer are determined.

» The training/learning is very fast.
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1.3.5 Twist/Wrench

Now we introduce vectors called twist and wrenche Toncepts of twist and wrench were
introduced by Ball [118] in his groundbreaking woAccording to screw theory the velocity
of a rigid body can be described by a twist represeg using a vector (rotational velocity

and translational velocity). Likewise, a wrench (forcd and torquer ) is a vectorial

quantity that describes the resultant of a systefaroes acting on a rigid body.

Y, {V] twist (1.18)
w

f
F :{ ] wrench (1.19)
T

We will explain how twists and wrenches transfornomi one coordinate frame to another. A

homogeneous matrig; represents the position of a frameith respect to a framewith a

translation componer, and a rotation componerR, :

_|R R
9; —{ 0 1} (1.20)

which represents a change of coordinates for twnstsatrix form. It is possible to see [119],
[120] that a change of coordinates for twists iffiedent frames, as applied in this thesis, can

be expressed in a vector form:

V= Ad, V! (1.21)

The transformation of wrenches is different fromattbf twists. The rule for transforming a

wrench from frame to framej is:

Fi=Ad' F (1.22)

i
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1.3.6 GL Matrix and Multiplication Operators
When the symbol{‘-} " is defined as a GL matrix [147] and™as its method operator, the

GL vector{@} and its transposfd ' may be defined as the following equation:

O, 6, - 6 {01}
Oy 60, -+ 6y {‘9}

{q - . . . . - . (1.23)
Oy Gn - O, {Hn}
6, 6, - 6
T Hle 9;2 8;
g =372 7 (1.24)
9;1 gnTz BrTn
For a given GL matri{=}
$u $12 v G {{J}
{E} - 5:21 522 E:Zh — {E} (1.25)

5n1 Ctnl fnn {E}
Then the GL multiplication of& " and{Z} may be defined as@x n matrix, as follows:

H1T1<(11 BI 122 9;6,,,
(97§ =% Ofn o Ol (1.26)
9;1 ni 9:2 n2 77 o,

n nn

where, it should be noted that the GL multiplicatedrould be calculated firstly in the mixed

calculation of the matrix and the GL matrix muligaition operator.

The GL product of a square matrix and a GL row @e defined as follows:

rk'{fk}:{rk}'{gk}:[yklgm leEIQ ykrfkn]m] ™ (1-27)

Whererk:rkT:[ykl Vo ykn]; ykJDD mxrkj; m zr;zlnkj-
45



46



CHAPTERZ2 DEFINITION, DESIGN AND VIRTUAL
PROTOTYPING

2.1 Robot Applications and Requirements
2.1.1 Introduction

Over decades, many academies and research groupsbban studying personal assistant
robots in order to realize the robots that can mbexith humans and perform a variety of
tasks, especially as daily-life assistants withirmdetic environments. Christensen [121]
named three groups of domestic applications (exntenent, assistance for elderly and
handicapped, everyday tasks) for this kind of rebAnd in [122], Manja Lohse proposed six
categories (entertainment, personal assistanthtaa/care giving, companionship, toy, Pet).
Fong et al. also differentiated between a toy andrdgertainment robot [123].

Among a large number of this type of robots thatehbeen developed, the robots described
in the state of the art in Figure 1.1 deserve diquéar mention. In the functional design
process we first make a comparison of these ropidble 2.1 gives an overview of the
specifics of these robots). We target our robotniglddvantage of a number of these robots’

design features as follows:
* Care-O-bot 3: Human-like manipulation (human-likeOmEs arm)

* Robot AR: Advanced recognition functions

« TWENDY-ONE: Dexterous manipulation, torso flexibyli (dexterous hand and
flexible waist)

* Enon: Simple user interface (touch screen)

» Personal Robot PR2: Gripper observation (each foreantains a camera); advanced
vision capability (pan-tilt head contains wide aradrow stereo cameras)

* Readybot: Remote operation (linkable to network)
2.1.2 Applications

Analyzing the different classification methods anbining the advantages listed above, we
design the following applications.

Healthcare /Care giving:
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» Communication and social integration
Voice as natural and intuitive command interface,

Multimedia touch-screen as an additional interface,

Providing emergency calls,

Management of personal contacts,

Communication with doctors,

Management of media devices (video telephone, ¥, r@dio, etc.).
* Technical house management (Infrastructure)

Control of home infrastructure devices such asihgagir conditioning, lights,

windows, front door, security / alarm systems etc.
* Fetch and carry tasks

Providing medicine and other care products,

Providing laundry and delivering books etc,

Grasping, lifting and holding objects and devigesaoperation with a human.
* Mobility support

Seating and stand-up assistance,

Giving a helping hand on the way to the bathroom.
* Personal security

Monitoring of personal safety,

Monitoring of physiological parameters (measurem@iftrespiration rate, blood

pressure, temperature, pulse rate, etc.),

Monitoring of mental behavior,

Providing health information and medical advice,

Detecting and distinguishing the abnormal behawdedder’s daily activities,
Control of safety threats (smoke, water, gas, lanyy)

Emergency alarms (gas leakage, fire, etc.).

Personal Assistant:

48



This category includes robots for cleaning and iotte@isehold chores.

* Meal preparation and serving (e.g. micro wave, etov
* Pouring out drinks

» Setting tables

» Loading and unloading dishwashers

» Simple cleaning and tidying tasks (sweeping a flbgrusing a bloom, gathering
clothes and putting it in a washer etc)

* Vacuum cleaning

Companionship and Entertainment:

» Tracking and following

» Facial expressions

* Playing music

* Providing information (e.g. weather)
In addition to these domestic functions, our rodlgb can work in public places agpablic
assistant

» Entertainer: it approaches the visitors and welcthem

» Keeping tracking of people

* Guide: it gives guided tours

* Transport of objects

» Security patrolling

Table 2.1: Robot comparison
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1 2 3 4 5 6 7 8
Function Manipulation | Self- Vision Omni-directional | Fingers Touch| Recognizing| Spoken
(DOF/Number)| navigation motion screen| and commands
Name responding | (has a
to gestures | speaker and
speech
recognition)
1| Care-O- | Domestic robot | 5.4 Yes Stereo-vision , | Yes 3 Yes Yes Yes
bot3 laser scanners, g(with four (7 DOFs)
(1.45m) 3D range separately steered
camera and driven
wheels)
2 | Robot Domestic robot | -, Yes 4 stereo No 3 No No No
AR cameras, a laser (wheeled mobile | (6 DOFS)
(2.5m) sensor platform)
3 | Twendy- | Domestic robot | -, Yes Two CCD Yes 4 No No Yes
one cameras (with four wheels | (13DOFs)
(1.5m) surrounded by | whose
LEDs circumference has
15 rotating
members)
4 | Enon Guide & Office | g5 Yes 6 cameras No 2 Yes No Yes
Robot (2 DOFs)
5| PR2 Personal robot (it 7% Yes Wide and Yes 2 No Adding Adding
is an open narrow stereo | (4 casters steered
platform, you car cameras, a 5- | and driven)
change the megapixel
system to meet camera, a
your needs at an texture
level) projector and a
Hokuyo laser
range-finder
6 | Readybot| Domestic 5x2 No Not mentioned, | Yes 2 No No Yes
robot(house- but it has no 3D| (industrial omni-
cleaning robot) Stereo-vision | wheels)
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carpet rake

)

9 10 11 12 13 14 15 16 17 18 19 20
Function| Player| Learning | With | Transport | Grasping | Environment | Cleaning Waist Picking | Gathering| Failure Holding
to a of objects Perception | the floor up a clothes detection | a
Nam recognize | tray tray and| and and human
new convey | putting it | recovery
objects in
washer
Care-O- | No Yes Yes | Yes Yes Yes No No No No No No
bot3 (by tray)
Robot Ipod | No No | Yes Yes Yes Yes (by | Yes Yes Yes Yes No
AR nano using a (1DOFs) (by
bloom) finding
wrinkles)
Twendy- | No Yes No | Yes Yes Yes Yes Yes Yes No No Yes
one (4DOFs)
Enon No No No Yes Yes Yes No No No No No No
(by using
its
specially
designed
carriage)
PR2 No Yes No | Yes Yes Yes Adding Yes | Yes Yes No Adding
(2DOFs)
Readybot| No No No Yes Yes Yes Yes No Yes No No No
(scraping
small items
into plastic
bins by
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Function | 21 22 23 24 25 26 27 28
Making Feeling Linkable to Providing the | Displaying its Greeting and Security | Observing the
Name breakfast | human touch| networks information operational state | escorting guests patrolling | grippers
1| Care-O-bot3] No No No No No No No No
2 | Robot AR No No No No No No No No
3 | Twendy-one| Yes Yes No No Yes No No No
(LED)
4 | Enon No No Yes Yes (by voice Yes Yes Yes No
or image) (LED)
5| PR2 Adding No No No No No No Yes(the forearm
contains a camera
6 | Readybot No No Yes No No No No Yes
Function| 29 30 31 32 33 34 35 36
Changing the| Vacuuming the | Dish Tidying up the rooms Swimming | Giving an | Clearing | Autonomous
height carpet washing (including dumping, wiping...) pool alarm when| snow charging
Name cleaning detecting
the smoke
1| Care-O- | No No No No No No No No
bot3
2 | Robot No No No No No No No No
AR
3 | Twendy- | No No Yes No No No No No
one
4 | Enon No No No No No No No No
5| PR2 Yes No Adding Adding No No No No
(telescoping
spine)
6 | Readybot| Yes Yes Yes Yes No No No No
(by releasing a | (putting dirty | (performing 30-40% of
off-the-shelf dishes into | common daily kitchen and
cleaning robots) | the dish general house cleaning tasks})
washer)
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2.1.3 Requirements

For realizing these robot applications, some spmecdquirements have to be fulfilled to

maximize the usefulness of the personal assistéatr These include the following:

* Mobile Base

A personal assistant robot imposes high requirensenthe employed mobility concept.
Usually the robot performs its tasks in environrsemhere humans can walk around without
any problems. Most of those environments have immon that wheeled platforms can
access them. Different wheel-based mobile platfolrage been developed. Differential
wheeled robots use a pair of regular standard wheginidirectional mobile robots employ a

wide variety of wheel types such as rollers, Mecantheels and spherical wheels.

* Manipulation System

According to the anthropomorphic model two dexterdusds mounted on a pair of

humanoid robotic arms should be used for the méatipn system in order to manage some
sophisticated tasks, e.g., opening bottles. To pudatie arbitrarily positioned and oriented

objects the manipulation system needs at leasD6iks. For the design of arms and hands
several conditions should be considered: humanthikges of motion and size, lightweight

and low-cost. In addition, a bendable body is nemgsto help the robot pick up objects from

the ground.

* Sensor System

Sensors are used to give feedback of both intandrexterior states of the robotic system and
to supervise the current interaction of its actigteith the environment. Similar to humans
the robot’s sensor system can be subdivided intterexeptors and proprioceptors.
Exteroceptors detect stimuli outside the body (eyg, ears, etc.) whereas proprioceptors
relate to detect stimuli inside the body (e.g. tersjanuscles and joints).

» Information Processing and Robot Control

A complex robotic system depends on fast and reliabhsor data processing as a basis for
intelligent robot control. Usually a control boasdused to capture image, process image,
make decision, and control motions for the robohiérarchically structured multi-processor

system seems to be the best solution. Differeresygd processors are to be chosen for every

53



hierarchical level. On the highest hierarchicalelean operator should be able to enter tasks
and supervise the whole system. On the secondrtiical level operator commands are
transferred to sensor-based actions of the rolw. Idwest hierarchical level is formed by

micro controllers that control actuators and preepss sensor data.

Commands
. Operator PC off-board
Vision -
GUI
Wireless
Arms Sensor Lan
Information
Robot PC on-board
_ -
Mobile Acturator
platform Control
Hands

Figure 2.1: Architecture of robotic system

« Man-Machine Interface

Research in this area focuses on natural humamelsaaf communication, such as graphical
user interface, touch user interface, natural lagguand gestures, to provide easy and

friendly multimodal interfaces between humans dredrobot.

» Safety Precautions

For establishing a system which can provide thetrebth abilities to achieve some tasks,
failure detection and recovery abilities are neagsd~ailure indicates the condition that the
robot cannot plan its motion or cannot verify thiecess of executed motion in the middle of
or after the task. The robot should have emergemdiches that disconnect all drives from

the on-board power supply in case of danger.

On the other hand, the robot working in close proty to humans, even sharing their
operating envelopes, is exposed to a special daSgésty can be enhanced by placing tactile
sensors on the robot’s surface to ensure thatdbet rcould not harm humans. We believe

that software has a major role to play in ovengdtem safety.

e Actuators

Actuator provides the driving force and motion fobot joint. Given the wide variety of
existing actuators, the selection is based on magcthie performance characteristics of the

actuator, such as force and displacement, to thereaments of the given tasks.
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* Power Supply

A power supply can put out a reasonable amountioént for servos and other small motors
as well as run processors and sensors. For a catypéeitonomous robot, a sensor sensing
the battery charge should be added. If the changs below a certain limit, the robot should

stop the task and look for a charging station wittemny human intervention.

e Cost

Two competing factors are considered when desigtiiagobot: cost and functionality. The

assistant robot needs enough functionality to perfearious tasks. While at the same time, it
must be simple enough to keep the cost low. Assggdepriority, acceptable cost is essential
for development and must be reconciled with antebir solution. Low cost can be achieved
by (a) using readily available components, (b) glasig a reasonable control system to
reduce high computational power which results ghtgost of the equipment and even higher
cost for developing the software for the contrgblagations and (c) reducing the complexity

of mechanical design.

2.2 Mechanical Design and 3D Modeling

2.2.1 Introduction

The aim of this subchapter is designing the medasiructure of a personal assistant robot
and constructing a virtual prototype similar to theal one using virtual simulation

technology.

2.2.1.1 Mechanical Structure

Researchers worldwide are trying to develop robwds look and move more like humans. If
the environment is real (stairs, not flat flooruttéred and without modification) the biped
humanoid is the best choice for its human-like itme and adability to any floor. For
instance, ASIMO, QRIO. However biped humanoid rshmtve a very complex mechanical
structure and are difficult to control. In contrédghe environment is “empty” and the floor is
flat, the wheeled humanoid is the best solution tduits easy locomotion, easy design, higher
speed and easy control. Usually personal assigihnts operate in offices, hospitals, houses,
etc, where the surfaces are flat. As a result véhaed more efficient. Some examples of this
type of robots are illustrated in Figure 1.1. Wevde a brief description of the structures of

these robots.

55



» Care-O-bot 3: an omnidirectional platform, with faieered and driven wheels; a 7
DOFs arm; a three-finger hand.

* Robot AR: two 7 DOFs arms; a 3 DOFs head; a 1 DQ@istweach end-effector
equips 3 fingers and each finger is composed odig; lower body is wheeled
mobile platform.

* TWENDY-ONE: omni directional mobility; two 7 DOFsras; two 13 DOFs hands; 3
DOFs neck; 4 DOFs body.

* Enon: two active wheels, 2 DOFs neck; two 5 DORssatwo grippers.
* PR2: omnidirectional mobile base; a spitvap 7 DOFs arms; two grippers.

On the basis of the analysis of different robotsucures listed above, in the mechanical
design stage, we positively consider the featuf@esahitecture and the movable joint ranges.
In particular, we seriously endeavor to match thepe of the joints and links with the design

concept.

2.2.1.2 Virtual Simulation Technology

The purpose of virtual simulation is to createitiedel of the real system for the optimization
purposes. In this way, we can optimize parametérth® system and test it for various
conditions even before the production of physicalt@ype. Thus, the virtual prototype
modeling and simulation improve the design efficierfon the market there are many multi-
body software solutions. For example, Simpack, Saohnics, MEDYNA, DADS, ADAMS
and so on. We chose ADAMS, because it is widelyduseindustry and for its easy co-
simulation with Matlab/Simulink. Via Parasolid intece in ADAMS, the virtual prototype
can easily be constructed through the importatice solid model built by 3D CAD software,

such as Solidworks.

Through the approach described above, in the 3Detmafistage, a 3D solid model of the
mobile manipulator is first developed in Solidwagrkke model is then imported into the
dynamic simulation software ADAMS for kinematic amtynamic simulations. Finally,
through the interface modular part (ADAMS/Controtf) Matlab and ADAMS, a mobile
manipulator control system is established with Sinkuland to successfully implement a
coordinated simulation. This is very important, d&uese with this tool we will be able to know
approximately which will be the behavior of the rolmmnstructing only a CAD model

without the need to build a physical prototype.
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2.2.2 Mechanical Design
2.2.2.1 Mechanical Configuration

The mechanical design of the complete robot requiegeful and complex tradeoffs between
form, function, power, weight, cost and manufaddility. According to the functionalities
and the requirements discussed in the previoushspber, we target our personal assistant
robot consisting of a mobile platform equipped wathal-arm/hand system with adequate
payload and dexterity characteristics. For exampie,mobile base should be able to transit
doors and navigate in human-sized environments. firfgertips of the dexterous hands
should reach a reasonable fraction of the workspaaehable by a standing person and

possibly be able to pick up objects on the ground.

For realizing the capabilities mentioned above, lmuman-like mobile manipulator prototype
roughly stands 140 cm tall and weighs 80 kg. Figi shows its dimensions. The high
number of DOFs allows the robot to realize compteations. Figure 2.3 describes the
structure of the mobile platform. Figure 2.4 shdkes structure of the robotic hand.

Part DOF
Eyes 2 (pan-tilt)x2
Neck 2
Waist 2
Arms 7x2
Hands 16x2
Mobile base| 2
The last two fingers are | Total 56

mechanically coupled

Table 2.2: DOFs configuration

Figure 2.2: Dimensions of robot model
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Figure 2.3: Structure of mobile platform Figure 2.4: Structure of dexterous robotic
hand

From the description of the dimensions, it can eensthat the robot’s head can not only
rotate left and right, but also rotate from up awdvn. It also can independently move the
eyeballs because the robot has 2 DOFs for eacffa@ya camera pan and tilt) which allows a
wide field of vision change. As a consequence,rti®t’'s head can obtain all needed object
information. Our robot is equipped with two 7 DC&sns (3 DOFs shoulder, 1 DOFs elbow
and 3 DOFs wrist) like human and with two five-fexgd hands. The shoulder gives pitch,
yaw and roll, the elbow allows for pitch, and thestvallows for pitch, yaw and roll. By

design the arms can move up and down (heaving);enheft and right (swaying); move

forward and backward (surging); tilt up and dowrtdlping); turn left and right (yawing); tilt

side to side (rolling). The upper body also cossadta 2 DOFs waist. This bendable waist
allows the robot to pick up objects on the grouhlde robotic dexterous hand has a similar
configuration with the human hand. It has five 8ng and each finger is composed of 4
joints. The thumb and the other four fingers (indexddle, ring and little fingers) have

similar structure in terms of kinematics and dynanilThe last two fingers (the ring and the
little fingers) are mechanically coupled so thatytkeep the same motion, therefore together
they just have 4 DOFs, and the little finger onligys a supportive role. From this description
the dexterous hand has 16 DOFs in total. This desag achieve the dexterity of human hand

such that it can be used to perform various operati

Most commercial manipulators are heavy, large, poer hungry. Highly mobile robots,
such as legged mobility platforms, cannot easilgoaumodate dexterous manipulators. To

overcome this difficulty, a differential drive mabiplatform with two conventional wheels
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and two supporting wheels has been chosen. Theledtheeive is chosen over leg drive
because of safety and stability during manipulation

2.2.2.2 Joint Angle Range

In order to ensure the robotic model can move antyilto a human, the angle ranges for the
robot are defined according to the following twamsilerations:

» The specific angle ranges of human being
In a human body, each joint has its own reachabtgealimit. Referring to the material
mentioned in [124], the angle ranges of this hunthnwdel are defined.

* The maximum rotated angle
The other point to be concerned about is the maximatation angle of servo motors which

are used to build up the real model is only 180 ekeg

Table 2.3 and Table 2.4 make a comparison betweejoint angle ranges of the human and

the humanoid robot. These movable ranges of thet imxie similar or over the human’s ones.

Table 2.3: Comparison between human and humanbat emgle ranges

Joint Human (deg) Robot (deg)

number yaw | pitch | roll number yaw pitch  roll
Neck 3(yaw, -80- | -45- | -45- | 2(yaw, -90- | -45-

pitch, roll) 80 45 45 pitch) 90 45
Waist 3(yaw, -30- | -30- | -30- | 2(yaw, -90- | -10-

pitch, roll) 30 90 30 pitch) 90 120
Right/left 3(yaw, -90- | -90- | -135- | 3(yaw, pitch,| -90- | -180- | -135-
shoulder pitch, roll) 50 40 40 roll) 90 90 10
Right/left 1 (pitch) -10- 1(pitch) -10-
elbow 150 150
Right/left 3(yaw, -30- | -70- | -90- | 3(yaw, pitch,| -90- | -90- |-90-
wrist pitch, roll) | 40 70 90 roll) 90 90 90
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Table 2.4: Angle ranges of finger joints

Joint Human (deg) Robotic finger (deg)
Jointl -15-15 -90-90

Joint2 0-90 -30-120

Joint3 0-110 -30-120

Joint4 0-90 -30-120

Based on the above mechanical configuration, coatbty the traditional industrial mobile
manipulators, this robot is capable of performirgyious tasks in unstructured or semi-

structured environments, thus it could addresstgrezallenges in autonomous localization

and navigation, object identification, control asabrdination.

2.2.3 Hardware and Control Architecture Design

The hardware of the assistant robot includes sesystdems and actuators as well as necessary

connections to the embedded computers. The spains for the developed robot are

shown in Table

2.5.

Table 2.5: Specifications of robot

Specifications

Max work weight About 20kg per arm
Weight/Height 80kg/140cm
Actuators DC servo motors

Sensorg Motor

Motor encoders

Head

Two CCD cameras and two microphones

Mobile platform

A laser range finder and a number of ultrasonitadise sensor

Arm

A force/torque sensor on each wrist; a cameraami forearm

Hand

Multi-axis force/torque sensors and tactilesses

Operation section

Laptop with wireless LAN, keylmband mouse

Battery

NIMH 48V, 13Ah battery pack
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Normally, a DC servo motor drives each joint withhasary encoder. The mobile platform
includes a battery pack, a laser scanner, a numbeiltrasonic distance sensors and a
processor system. The robot is equipped with twoeftorque sensors on the wrists and two
cameras on the forearms. Two microphones and thay &CD cameras are installed on the
robot head. Each dexterous robotic hand needsrasimum a set of multi-axis force/torque
sensors in all fingertips and position sensorsllajoats to enable control schemes like
force/torque control and position control in autovowms operation. Additionally, tactile

sensors are distributed on the surface of the finged palm.

In the actuator system, robotic hands usually eaxibided into two types: built-in actuator
type and external actuator type. Built-in actudyge of robotic hands generates the motion
of fingers by using motors installed inside thegérs or palm. This type of robotic hands
drives each joint by direct drive or gear drive.simch a configuration, the weight of the
dexterous robotic hand is quite heavy because infjusumerous gear parts and motors. On
the other hand, external actuator type makes tietates of its fingers simple and light by
using wire or belt driving mechanism. In our prajege choose the latter one. The fingers

which are to be actuated independently through reqilaced at distance locations.

The control system has the hierarchical contrdhiggcture. This architecture consists of four
levels shown in Figure 2.5. It shows a conceptaaéme for the configurations of boards and

the overall communication system.
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Figure 2.5: Control architecture

The highest hierarchical level connects the humagratprs and the robot. The operation
interface is composed of a GUI, a keyboard and as&oThe GUI contains a command input
box. The operatorare able to enter tasks into this box using thé&eayd. A link connecting
the PC in the laboratory and the host computer neaslioh the robot will be provided by

wireless LAN.

The planning level specifies the subtasks for thfemint subsystems of the robot such as
hands, arms, mobile platform and head accordirthedask given by the operator. This can
be achieved by an on-board industrial PC (host ctenp Ethernet is used to interface
directly between the host computer on the planmévgl and the PCs on the coordination

level. Therefore this structure can avoid commutrocacollision.
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The coordination level employs four subsystems iGual information processing part, a
speech processing part, a motion control part,aalutalization and obstacle avoidance part)
by embedded PC/104 systems. The use of the mulaselitecture speeds up the most run-
time consuming parts. These PCs are connectecctoather via the Ethernet. Sensors such
as microphones, cameras, laser ranger finder,saoltra distance sensors and force/torque
sensors are connected to the PCs on the coordinktu@l directly. PC104a captures the
visual images from the CCD cameras and then caltesithe target’s position, the brightness
of the target, etc. PC104b obtains and analyzes sgpgech signals captured by the
microphones. PC104c generates all the motions odifferent subsystems for the execution
level. PC104d deals with simultaneous localizadod mapping (SLAM), obstacle detection
and collision avoidance by the fusion of ultrasosémsors, laser ranger finder and the data
from PC104a.

On the execution level, for each servo motor, thetrol and the sensor value acquisition are
done with a DSP connected to a CPLD. Both the amgudlocity of the motor and the angle

of the driven axis will be measured. Further theanaurrent will be supervised and can be
used for implementing torque control. CAN-bus i®diso connect the components on this

level and receive the requests from the coordindéoeal.

2.2.4 Virtual Prototyping
2.2.4.1 Solid Model Creation

There are many excellent 3D-CAD softwares such A§I&, Pro/Engineer and Solidworks.
Solidworks has a standard, easy-to-use interfacecangatibility with engineers’ existing
systems. Thus, in this thesis, Solidworks is emgdioto build a solid model for the assistant
robot. After modeling, we save this 3D model as t.document so that it can be imported
into ADAMS software directly.

The model drawn in Solidworks is shown in Figuré.Zach part's size and shape of this
robot are created as those of the actual compomentduce the complexity of the model in
ADAMS, only the mechanical parts are included ie 8olidworks drawing. This structure is
sufficient to reflect the physical properties of thebile manipulator, which will be examined

later.
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Figure 2.6: Solidworks drawing of mobile manipulato
2.2.4.2 Virtual Prototype Development

MSC.ADAMS is one of many computer programs for mimdeand simulating multibody
systems. In ADAMS a virtual prototype of a mechanisan be built and then be simulated.
And it also allows users to import part geometgnirCAD programs. The most popular file
format to import into ADAMS is Parasolid (*.x_t) wdh increases the chances of receiving
solids when importing geometry. Using Parasolidaavenient because one file contains all
the geometry and ADAMS/Exchange creates a seppeatdor each solid. After the parts of
the mechanical system are developed with Solidwavksimport this solid model which has
already been saved as *.x_t document. All the coosbnal and technological features
specified at the designing stage have found rédlech the mechanical virtual model. Figure

2.7 shows the virtual prototyping model in ADAMS.

Figure 2.7: Virtual prototyping model in MSC.ADAMS
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The elaborated ADAMS model takes several aspetdsaocount, such as joint constraints,
mass, inertial properties, contact constraintstiém, actuation forces and reference markers,
which enable good approximation of the real robohaveor. First, each joint of the
mechanism is defined with a particular motion. Example, the driving joint is specified as a
revolute joint so the rotation associated with fjoimt specifies the rolling motion of the
wheel. Secondly, according to the design paramefetse robot, material, mass and moment
of inertia tensor should be defined in ADAMS. ADAMS&lIculates the mass and inertia of
each rigid body based on its solid geometry andnéserial type. The default properties for
the part can be modified by entering the propenwesneed. For each part a body-fixed
reference frame with its origin at the center ofsm& defined in ADAMS as a marker.
Additionally other reference markers could be @daif needed. Table 2.6 lists the main
dynamic characteristics of the robot componentgHerproposed ADAMS model (excluding
the hands). The symbadlex, lyy andlzzare frequently used to express the moments ofianert
of each link about its three axis passing through link’s center of mass. The products of
inertia are given byxy, lyz andlzx. Contact constraints and friction will be discubse the

next subsection.

Dexterous hand is a complex mechanism with mulipld=s. It is an exciting field with still
many unsolved problems in both mechanical desighcamtrol. It is necessary to create a
separate 3D model of the robotic hand for reseaf@hle 2.7 lists the main dynamic

characteristics of the robotic fingers.

65



Table 2.6: Main inertial properties of robot

Rotation inertia around center-of-mass

(kg-mn)

Products of inertia

around center-of-mass

D

Part Mass(kg (kg-mnf)

IXX lyy Izz IxXy lyz Izx
Head 2 1.45210" | 1.196<10" | 1.17x10° |O 0 0
Neck 2 3180.97 3020.63 2687.458| 0 0 0
Upper body| 10 1.60810° | 2.41%10° |2.096<10° |O 0 0
Waist 6 21110 | 2.11810" | 1.8%10° 0 0 0
tg‘é";r 50 1.79610' | 1.96x10° |2.8%10' |0 0 0
Arm1 2477 | 9152.28 6142.9 6363.91 0 0 0
Arm2 1.192 | 4041.89 1086.44 4465.585| 0 0 0
Arm3 0.57 1436.32 1133.86 939.69 0 0 0
Arm4 0.898 | 607.69 3698.59 3851.59 0 0 0
Wrist1 0.273 | 103.248 163.444 218.373 0 0 0
Wrist2 0.096 | 26.087 11.966 30.698 0 0 0
}’i\r’]gztg()”o 0.3 657.051 792.638 1326.87 0 0 0

66



Table 2.7: Summary of mass and inertia charadiesief finger

Rotation inertia around center-of- | Products of inertia around center-
Mass | mass (kg-mf) of-mass (kg-mn)
Part
(kg)
IXx lyy Izz IxXy lyz Izx
1 0.0024 0.127 0.149 0.134 0 0 0
2 0.005 0.301 0.646 0.698 0 0 0
3 0.005 0.301 0.646 0.698 0 0 0
4 0.01339 | 0.5466 0.681 0.717 0 0 0

Additionally, a numerical integrator is used anawd be chosen for the simulation. The
integrator is an algorithm that solves the diffél@requations of a dynamic problem over an
interval of time during a simulation. The selectategrator for simulation is the GSTIFF.
The GSTIFF integrator is the default in ADAMS emviment since it provides good

solutions for simulation of stiff mechanical models

One has to specify simulation frequency, internaqfiency and step size. Simulation
frequency is the frequency of updating the graghsplay, whereas internal frequency is
closely related to the system under study. It regmes the speed at which component states
are changed. Internal frequency is a very imponanameter in simulation setting and other

solver settings must be set in accordance witlntieenal frequency.

Once the virtual prototype has been establishedAMB checks the model and then runs
simultaneous equations for kinematic, static, getsic, and dynamic simulations. The

results are viewable as graph, data plots, reparisplorful animations.

As a test to verify the reasonableness of the desige right and left dexterous hands are
modeled respectively. The simulation results in AD& show the effectiveness of the
developed mechanism in grasping objects of varshiape and size. Figure 2.8 demonstrates
the virtual prototyping model of right hand in ADAB Figure 2.8(a) shows the initial
configuration of the hand-object system. Figure I9.8hows the system configuration when

the hand is grasping the object.
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(a (b
Figure 2.8: Virtual prototyping model of dexterobsnd in MSC.ADAMS (a) Initial
configuration of hand-object system (b) Final cgafation

2.2.4.3 Contact Modeling between Bodies in ADAMS

In this subsection it will be presented how the taots are modeled in ADAMS. The
connection between each wheel and the floor is teddesing a contact with impact function.
The parameters of hardness of impact force, foxppreent, damping, penetration depth and
friction, etc., must be set. If the contact pararsefre incorrectly specified, we will create a
system which requires a lot of computational timesolve. For example, if we choose high
stiffness and small damping, the system would lageilon high frequency and would be

difficult to solve. With the right parameters, tm@del behaves like a soft tire.

The constraints between the fingers and the olgjectalso contacts with impact functions.
Then the contact constraints need to be createdebateach finger and the object, and the
parameters of hardness of impact force, force exgordamping, penetration depth and

friction, etc., also must be set.

The impact function is written out:

F,=kd® +stefd,0,0, d, ©)5 (2.1)

where F, is the contact forcek denotes the stiffness, represents the force exponedtjs

the distance between the contacting bodizss the damping coefficient ardl denotes the

penetration depth.
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Equation (2.1) shows that the contact force definelDAMS is composed of two parts. An
elastic componenkd® acts like a nonlinear spring. The other @tedd, 0,0, d, C) is the

damping force which is a function of the contactismn velocity.

The coulomb friction,F, , is calculated by multiplying a friction coefficig 4, , with the

contact forceF,.
Fo=#F, (2.2)

The friction coefficients between the wheels angl ghound are 0.95 for the static condition
and 0.8 for the dynamic condition; the friction ffa@ents between the fingertips and the

object are 0.7 for the static condition and 0.6th& dynamic condition.

2.2.4.4 Co-simulation Connection between ADAMS and
Matlab/Simulink
After the mechanical part has been built, a co-fatran platform is set up to develop a
control system for the complete robotic system. All\has toolbox ADAMS/Controls that
will prepare our model for connection with otherta@re designed for control. One can
choose between Matlab/Simulink and MSC.Easy5. Iis tthesis co-simulation with
Matlab/Simulink is used. The detailed procedurshiswn in Figure 2.9 as a flowchart. First,
a trajectory planning system is built by Simuliflhe feasibility of the motion generated in
the first step is then verified through the collediive simulation between Simulink and

ADAMS. The feasible results will be used to the sibgl prototype.
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Figure 2.9: Flowchart of collaborative simulation

Below is a more detailed explanation of the procedkirst, the model built in Solidworks is
imported into ADAMS. Then the joint constrains atie properties are added. Next, the
measures and the state variables should be bunitil&ions are created in ADAMS to verify
the virtual prototype. The correctness of the ADAMNIBwUlation results can be verified by
comparison with the theoretical results. After diefg the input and output variables, it can
form a closed information loop between ADAMS andtldla. Matlab reads the output
information of the plant and calculates the contuatiput while the ADAMS solver solves the
system equations for the plant. ADAMS/Controls @natlab communicate by passing the
state variables back and forth (Figure 2.10). Oaimngoal is to control the joints to make the
robot perform some human tasks. To achieve thig gjoa joint torques are defined as the
input variables; the joint angles and joint anguwealocities are defined as the output state

variables.
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Adams-Model

Adams/Controls

- State
orques variables

Matlab-Controller

Figure 2.10: Information flowchart of collaboratisemulation

The various steps involved in setting up a cootedasimulation between ADAMS and

Simulink are:

Loading ADAMS /Controls

» Defining Input and Output Variables

» Referencing Input Variables in the ADAMS Model

* Exporting the ADAMS Block

» Connecting the ADAMS Block and the CES Block in 8limk
* Running the Co-simulation

Note that the output step size will determine tbenmunication interval between Simulink
and ADAMS and must be the same.

Through the co-simulation we can validate the wirtprototype of the personal assistant
robot. Then based on the virtual prototype, thécieficy of the complex motion planning

algorithms and control schemes proposed in thisighean be verified.

2.2.5 Workspace Computation

Exact computation of the workspace of robot mamifmrlis very important for its optimum
design and application. The workspace of robot pidator is defined as the set of points that
can be reached by its end-effector and dependetiteojoint angle ranges. The joint angle
ranges of our robot have been defined in the mechlathesign process so that the workspace
can be computed. Figure 2.11(a) to Figure 2.11fdwsthe workspace of a single arm
including the motion of the waist when the mobilatform remains stationary from different
views. Figure 2.11(e) and Figure 2.11(f) show tbbot workspace of the dual-arm/waist
system. The shape and volume of the workspace hwicmost concern, are illustrated. This

cartesian workspace forms a kind of capability fapthe redundant arms of our assistant
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robot. For example, the information can be usede@rch for valid grasps in regions where
the hand can easily be placed by the robotic arm.

2

0

(e) 05 L 0.5 1 i )
Figure 2.11: 3D workspace computed by Matlab (a8 (b)x-y view (c)y-z view (d) x-z
view (e) Shared workspace of two armsyia view (f) Shared workspace of two
arms inx-y view
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CHAPTER3 MODELING OF DUAL-HAND MOBILE
MANIPULATOR

3.1 Mathematical Modeling

3.1.1 Introduction

For control creation in mobile manipulation taskkee kinematic and dynamic models of the

personal assistant robot are developed in thishsydter.

The kinematics involves determining the possiblevemeents of the robot, without
considering the forces and torques acting on thetrdbetting the kinematic model is the
prerequisite needed to establish a dynamic modwet. Denavit-Hartenberg representation
[125], also called the D-H convention, describesystematic way to develop the forward
kinematics for rigid robots. This convention to dp reference frames is commonly used in
robotic applications. There are two slightly difat approaches to the convention: the so
called standard D-H notation described in for exanip26] and the Modified D-H form
found in [127].

The response to the forces and torques is the dubjethe dynamics. There are several
fundamental methods for the formulation of equatiofsmotion, such as Newton-Euler

formulation [128], Euler-Lagrange principle [12¥ane’s method [130], and Screw theory
[131]. All the above mentioned approaches haver tbein advantages and disadvantages

when applied to complex robots like mobile maniparis

* Newton-Euler approach is one of the classical naghfmr dynamic formulation.
Mathematically, the Newton-Euler equations leadhiee translational equations of
motion, and three equations determining the rotatiomtion of the rigid body. The
Newton-Euler equations of any two free bodies alated through the constraint
forces (which include both forces and torques)ngctt their interface. So Newton-
Euler is comprehensive in that a complete solut@mnall the forces and kinematic
variables are obtained. But applying this methoduires that force and torque
balances are applied for each body taking in cenattbn every interactive and
constraint force. As a result, it is inefficientedto redundant equations with more
equations than unknowns.

* Euler-Lagrange formulation is another classical apph which is widely used for
dynamic modeling. The Euler-Lagrange formulatiolests generalized coordinates to
eliminate the explicit use of constraint equatidnem the formulation (i.e., the
constraint forces do not appear in the equatiommation). Typically the number of
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generalized coordinates equals DOFs of a systera. rmiajor disadvantage of this
method is the need to differentiate scalar energytfons (kinetic and potential

energy). This is not much of a problem for smalilthody systems, but becomes an
efficiency problem for large multibody systems.

» Kane’s formulation has also been used by many relsees for the development of
equations of motion. Kane’s method is sometimesrrefl to as Lagrange’s form of
D’Alembert’s Principle. But Kane’s method also usgsneralized speeds, which
allows motion constraints to be embedded. The bigaatage in comparison to the
Lagrange method is that there is no differentiabbrenergy functions which makes
the other approach inefficient when it comes tgéamultibody systems.

» Screw theory is a general mathematical techniquemesenting the motion of rigid
bodies in space. The method of dynamic analysiedas screw theory builds up
dynamic equations by using the mathematical tool$wigt-product-of-exponential
formula.

In this subchapter, MDH and the Euler-Lagrange wddlogy have been chosen to lead our

study. Two cases will be discussed separatelywithput fingers and (2) with fingers.

3.1.2 Kinematic Modeling

In this section, the overall kinematic equationshef robot are discussed briefly. As described
in the previous chapter, the personal assistardtrnsbbuilt from a set of links, joined with
revolute joints that can rotate the robot arourgivan axis. In the first case which does not
take into account the dexterous hands, the roltioks and joints can be divided into five
main parts: mobile platform, waist, left arm, rigitin and head. As shown in Figure 3.1(a),
three kinematic loops are formulated:

* Loopa: it contains platform, waist, right shoulder arght arm.
* Looph: it contains platform, waist, left shoulder antt Em.

* Loopc: it contains platform, waist, neck and head.

Substituting a pair of dexterous hands for the effieletors, in the second case, the complete
robot can be divided into nine kinematic loops L&pLoopR,, LoopR;, Loop Ry, LoopL,,
Loop L, LoopLs, LoopLsand Loopc as denoted in Figure 3.1(b). Figure 3.1 (b) shthas
each independent loop contains a finger.

Note that the last two fingers (the ring and thigelifingers) are mechanically coupled, in the

following these two fingers are considered as amgef.
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@Head
Shoulder Shoulder

(a) Q Platform O

Loop R
P i Loop L,

Loop R,

(b) O O

Figure 3.1: Kinematic loops (a) The simplified kim&tic loops of the robot without fingers
(b) The simplified kinematic loops of the robot vitngers

Loop L,

As can be seen, the personal assistant robotsrthbsis has a tree-like structure with multi-
DOF, and each finger can be treated as a branthiotree. The complete kinematic model
of the multi-fingered mobile manipulator can beadbed by modeling these separate loops.
Due to the independence the kinematic models dthallloops can be derived by the same
approach. Note that, in the following, Loopvill be neglected and not be simulated because
it just supports the vision system. Using the virfpratotype, all the information needed to
use can be obtained by creating the correspondiegsunes. So the vision system is not

necessary for the simulation.

In this thesisg denotes the vector of generalized coordinatesoopla and Loopb and may

T

be separated into four sets=|q; d, ¢ qT]TDD P. The subscriptss, w, r and |
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represent the mobile platform, waist, right arm &ftl arm respectivelyq, [0 ™ describes

n

the vector of generalized coordinates of the mobpilatform, q,0 " is the vector of

generalized coordinates of the waist, agd q I ® are the vectors of generalized

coordinates of the right and left arms respectivélge total number of the generalized

coordinatesp is m+ n+2a. The vector of generalized coordinatgsof LoopRy, Ry, Rs, Ry,

L1, Lo, L3 andLsmay be divided into three seqsz[qf q qI] M *. The subscripts, b,

f denote the mobile platform, robot body (includingist and dual arms) and fingers
respectively.q, =[q}v q qTT M ™?* describes the vector of generalized coordinates of

T

the waist and two armsj, =[qTf q,T, d:, g 00 °, are the vectors of generalized

coordinates of the right and left hands and thel totmber of the generalized coordinates

p'=m+n+2a+2k.

In this section, first, the mobile platform, the m@ulator parts and the dexterous hands are
discussed separately. Then the kinematics of IRQB,, Rs, R4, L1, Lo, L3 andL, are derived

using a similar method. Finally, the kinematicsaafgid body is discussed.

3.1.2.1 Mathematical Model of Differential Wheeled Platform

As described in the mechanical design process, pthdorm has two driving wheels
(conventional wheels) and two passive supportingelh (omni wheels). The two driving
wheels are independently driven by the DC motong Jchematic of this differential wheeled

robot is shown in Figure 3.2.
yA v,

Passive
wheel

Driving

B -

Figure 3.2: Schematic of differential wheeled robot
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[xc yc]T are the coordinates of the center of mass in thiddvwcoordinate systeny is the
heading angle of the platform measured fromxtagis of the world coordinate systewa, is
the angular velocity of the mobile platforfn, is the distance between the driving wheels and

r, is the radius of each driving wheel.

The nonholonomic constraint states that the robat@anly move in the direction normal to
the axis of the driving wheels, i.e., the mobiledaatisfies the conditions of pure rolling and

non slipping [19]:
y. cosp— x. sing= ( (3.1)

Let the Lagrange coordinates of the mobile platfdren, :[xC A ¢]T which represent

the position of the robot in the world coordinaystem, the constraint can be written in the

form:
A(q,)q,=0 (3.2)
which is according to (3.1), wher, (q,) =[-sing cosp §.

3.1.2.2 Forward Kinematics of Manipulator

As mentioned above, without the dexterous hands,rdbet can be divided into three
independent loops. For the body (excluding mobikfpim), each loop is considered as a
linkage, which is defined to be a set of attachigi rbodies. Let us take Loop as an

example. Each rigid body is referred to as a lodnoted byD . Let D, D,, . . ., andD,,,

denote a set ofi+a links. The kinematic analysis mainly includes twidles, one is the
forward kinematic analysis, and the other is theali@lysis. The forward kinematic analysis
means that the location and pose of the linkage padt in a given reference coordinate

system can be worked out with the given geometrgrpaters of the links and the variables
of the joints. LetQ :[qfv qTT :[ q ¢ .. q+a]T denote the set of angles of rotational

joints, thenQ vyields an acceptable position and orientatiorheflinks in the chain by using

the homogeneous transformation matrix. Given thérima,_,;, expressing the difference

between the coordinate frame Df, and the coordinate frame & , the application of
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Jiy transforms any point i, , to the body frame oD, . Repeating the above procedure,

the end-effector locatiofix' y' Z]|' in the frameX, attached to the mobile base is

determined by multiplying the transformation magdc and the end-effector location

[x v 4 0D..:

[Xl yI z 1]T: g)1g2"'%+a—l)(n+a)[ X y z ]]T: g(ma)[ X y Z:]'T (33)

where

n 0]
— (n+a) (n+ta) | — 4x4 — 3x3
g°‘“*a>_[o...o O1 }_ nZ oz a, pi R e A A and
nZ z aZ
0O 0 0 1

po(m):[pX D, pz]T M ° give the rotation axis and the position in the feal, ,

respectively.

(3.3) represents the forward kinematics for positig a linkage by a specific joint
configuration. The MDH method is used to analyzskimematics. This method is commonly
used dealing with manipulator kinematics. Figur@ shows the Modified form of Denavit-
Hartenberg. Framiehas its origin along the axis of joint

Joint i+1
Joit}ti

Jointi-1  Link i-1

Figure 3.3: Modified form of Denavit-Hartenberg

According to the Modified form of Denavit-Hartengethe transformation matrix could be

expressed by the following equation:
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Oy = Ro(xa;,)x Trang x,a,)x Rdt,z yx Trafs z)d

cosq - sinq 0 a
_|sing cosx_, cos cag., - sm, -d sn, (3.4)
Jo-n = sing sina;, cosx sim, cag, d cos,
0 0 0 1

where

a._, =the angle betwees ;, al measured abpuyt
a_, =the distance fronz,, td measured along

g =the angle betweeX,, aXl measured alZbut
d, =the distance fronX._, t&X measur@dngZ, .

Figure 3.4 illustrates the idea of attaching framoéghe mobile manipulator according to

MDH. The framex,y, z, is attached to the mobile base. The other framestsached to each

% Z, 11 Zy Xy
£y 3 Wy 4]
S 10
L,

link.

5 L3 51 ys
L, 2
6 6' 7
D 6:6
Y2 1 L, , 4;‘
7 X{Ly’ T TZ? X5
1 zsﬂ—f
8 8 Ye¥ oy
9'%
9 Z,
L,
Zy4
0
X Yo

Figure 3.4: Coordinate frames attached to mobileipudator

MDH parameters of all joints are depicted in Tahle.
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Table 3.1: MDH parameters of mobile base and maatipts

Link a a q d

0-1 0° 0 0° L +L,
1-2 -90° 0 -90° 0

2-3 0° L, 0° —(L,'+L,)
2-3’ 0° L, 0° (L'+L,)
3-4/3'-4’ -90° 0 90° 0
4-5/4'-5’ -90° 0 -90° L +L,
5-6/5'-6’ -90° 0 -90° 0
6-7/6'-7’ -90° L, 180° 0
7-8/7'-8’ -90° -1, 90° 0
8-9/8'-9’ -90° 0 -90° 0

Tasks to be performed by a manipulator are in ssce, whereas actuators work in joint
space. Task space includes orientation matrix arsitipo vector. However, joint space is
represented by joint angles. The conversion from ghsition and orientation of the end-
effector in task space to the joint angles in japéace is called as IK problem. The inverse
formula of (3.3) forms IK problem in which a set mint angles need to be calculated
corresponding to a given spatial constraint oféhd-effector. In this thesis the numbers of
joint DOFs of all loops are more than the numberspétial constraints, the system is

redundant and there are multiple solutions.
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3.1.2.3 Kinematics Analysis of Five-Fingered Hand

This part sets out the framework for the matherahtitodeling of kinematic equations for the
multi-fingered hand. Forward kinematics is used diotain the fingertip position and

orientation according to the finger joint angles.

I hf‘

[ h'a
hi
1,

s [
(@ (b)

Figure 3.5: Finger linage (a) Definition of refecerframes (b) Geometry of a finger module

According to the mechanical structure, each dexter@and is composed of five fingers with
total 16 DOFs and all of the fingers have the saine and shape. The kinematic structure of

the finger mechanism is based on a simplificatioa btiman finger.

As indicated in Figure 3.5, the mechanism congikteur joints. The angular positions of the

first and second joints of fingérof the right (left) hand are defined loy,,, andq,,), . The

angular positions of the third and fourth jointe defined byg, ), anddq,, ., respectively.

Neglecting the superscriptsandl, g, :[qfil 4, G, qJT represents the generalized

coordinates of each finger. Table 3.2 shows theedsions of the fingers.

Table 3.2: Kinematic parameters of fingers

Link lengths (mm), Location of center of mass (mm)

h, |2100 |1 5

h, |2853 |2 20
h, |27.16 |3 20
h, |1850 | 4 7.5
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Considering the fingertip as the end point, theveod kinematics of the finger is also derived
by MDH method. The parameters of all joints areictep in Table 3.3.

Table 3.3: MDH parameters of fingers

Link |a a q d
0-1 90° 0 90° 0
12 90°  |h,  [0° 0
2-3 0° h, 0° 0
3-4 |0° h, 0° 0

To solve the inverse problem for each finger, trat 6tep to take is to measure the orientation
and position of the fingertip.

3.1.2.4 Robot Kinematics with Dexterous Hands

Consider a bimanual manipulation system composedl ipbile platform, a two DOFs waist
and a dual-arm/hand system. The direct kinematosbe computed by introducing a frame

2 fixed with the ground, a framé,,, attached at the center of the mobile base, tamés,
2., andX,, attached at the bases of the right and left arespectively, and two frameg, |
and2., , attached to the palms of the right and left hanelspectively. Moreover, assuming

that each arm ends with a robotic hand composell lfingers, it is useful to introduce a

frame X (2 ), attached to the distal phalanx of findgefi = 1...N) of the right (left)
hand.

Consider LoopR . The pose of; with respect to the base frardg, can be represented by
the well known (4 x 4) homogeneous transformatioatri gg ) ( Rs(r ), Py ) Where
Ry, IS the (3x3) rotation matrix expressing the orgion of . . with respect to the frame

2 and Ry, is the (3 x 1) position vector of the origin Bf; with respect o} .

Hence, the direct kinematics can be expressed as:
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gB(rfi) = gBO gOr g(rp) Qrp )t (35)

where g, is the matrix relating the mobile base frame ®lthse frameg,, is the matrix at
the basis of the right arm to the mobile base frame& depends on the waist joint vector,
J(p IS the matrix relating the right palm frame to thase frame of the right arm and
depends on the joint vector of the right arm, apg . is the matrix relating the frame
attached to the distal phalanx of fingao the palm frame of the right hand and depends on

the finger joint vector, , where the fingers are assumed to be identicaleduration similar

to (3.5) holds for the left hand fingers (Lolgp, with subscript in place of subscript

Due to the branched structure of the mobile maatpu) the motions of both the right and left
arms are independent. Therefore, the kinematitiseofight and left hands can be considered
separately. Hence, in the sequel, the supersariptsd| will be omitted and will be used

explicitly only when it is required to distinguigietween the right and the left arm.

The differential kinematic equation relating thenjovelocities to the velocity of finger frame

¥, can be written as:

V,

=J,q’ (3.6)

T T

whereq ' :[q q,

T

o ]T and J; is the Jacobian matrix of the mobile part, thestyahe

arm, ending with the,, finger.

Therefore, the differential kinematic equation bé tcomplete mobile base-waist-arm-hand

system can be written in the form:

Vi=Jdi g (3.7)

whereV, =[V{ . Ve ]T, q'=[qf 4 o - o,TN]T and J, is the Jacobian matrix

of the overall mobile base-waist-arm-hand system.

3.1.2.5 Kinematic Description of Object

A rigid body that is free to move in space hasB@Fs. This can be described by an open
kinematic chain with six joints (three prismatiénjts and three revolute joints). To describe
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the posture of the body we consider ZYZ Euler rotatSimilar to the previous case it is easy
to obtain the direct kinematics. The homogeneousixnahich describes the posture of the

object (O) in space relative to the fixed refereflame 2.; depends on the values of the local
parameterizationX, =[x 'y z @ B y|'. R,=[x y 3 [ *is the object position
relative to2; and[a & y]T represents the ZYZ angles. The rotation axis efdbject in

the frame2.; is denoted byR;, which is expressed as following:

R, = Ro( za) Rat y3) Rdt,p)

cosa - sinx cog 0 sif cos — Sin 28
=| sina  co® 0 1 0| sin cos (3.8)
0 0 1li|-sin8 0 coy 0 0

3.1.3 Dynamic Modeling

The dynamics of mobile manipulators subject to kia8c constraints can be obtained using
the Lagrangian approach in the form [115]:

M(@G+C(gdar Hq+ A(M+7, = B (3.9)
wherer kinematic constraints are described by:

A(a) g=0, (3.10)

g P denotes the generalized coordinated) g (I) *** is a symmetric and positive
definite inertia matrixC ¢ ¢ I "*? is a centripetal and Coriolis matrik, g ¢ /) " is a
friction and gravity vector,A d OU " represents a constraint matri¥,] " is the
Lagrange multiplier vector which denotes the castrforces,r, [ " denotes unknown
bounded disturbances including unstructured dynsmi(q) " is the input

transformation matrix, and0 °™" is a torque input vector.

According to the standard matrix theory, there texésfull rank matrixS(g M """ formed

by p-r columns that span the null spaceAgfig) defined in (3.10). i.e..
S (g A(Q=0 (3.11)
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As mentioned above, the generalized coordiqaiELoopa and Loopb is separated into four

T

sets  q=[q d, ¢ CHT . We can find an auxiiary  vector

T

Zz[vT q ¢ qTT M *? such that,
q=5(q¢ or 9= (g (3.12)

v can be defined a{s@r Q]T or[v, @], whereg and§ are the angular velocities of the

right and left wheels, respectively, and w, are the linear and angular velocities of the

mobile base, respectively.

The time derivate of (3.12) is:

4=S(9J()+ S W (X (3.13)
Multiplying both sides of (3.9) bg" and rewriting it as:

M{+C{ +F +T, =Fr (3.14)
whereM =STMS C=$CS S MS £ 'S,F, = 1§,andE=S E.
Property 3.1: The inertia matriM (q) is symmetric and positive definite.
Property 3.2: MatrixM (a)-2C(q, ) is skew-symmetric.

Property 3.3: The time-varying unstructured distmde term 7, is bounded by

sypllrd KTy.

T

Using the separated generalized coordinqte{qf q dJ qT]T, (3.9) can be expressed

as:
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M \Y M vw M vr M vl qv Cv va Cvr C:vl q«

M wv M w M wr M wi qw + va Cw er CwI qN

M v M w M r O qr Crv C:rw Cf 0 q

M, M, 0 M , G, O '
| | ] | ql q C1 CI q (315)
I:v A/ (q\/)A Z-dv E\/Tv
FW O wa Tw

+ + + -

I:r O Z-dr Tr
I:I O le TI

Equations (3.9) and (3.15) represent the dynamieateans of the mobile manipulator subject

to kinematic constraints without the dexterous hands

The dexterous hands can be mounted on the end® abbotic arms directly. Based on the

discussion given above, the complete dynamic madtél a pair of dexterous hands can be

expressed as:

vf qv Cv va Cvf qv I:v

Lo I (3.16)
(q\/)/‘ z-dv E\/rv
+ 0 +H Ty | = T,
0 Ty T,

Considering the nonholonomic constraints and thigie-derivatives, the dynamics can be

expressed as:

S/TMVS/ $T I\/\llb S Mf . $ M\S $ vaS -\:vaC -\r/Sv
My, S Mb be qb + |vlbv.Sv-'- CDVS/ Q Cﬁf q

bv™v

MiS My My ]G My S+ G $ G G
S/T I:v S/Trdv S/T E/Tv

(3.17)

where the subscriptg b, f denote the mobile platform, the body including tesst and the

arms, and the fingers respectively.

Similarly, the complete dynamic equation can alsalescribed in a compact form:
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M'&+C'€ + T, =ET" (3.18)

where
STMS § M, S M NS 5 LS s, IsC VS
M'=| M,S, M, M, |,C= M,S5+G,S G G| F| K|
| MS, M, M, M.§+C, S G G F
S, s &, v
I,'=| Iy [(ET'=| 1, | =G|
B L Ty a;

In this section, first, the dynamics of the mobp&atform is discussed. Secondly, the
dynamics of the manipulators mounted on the mgddorm without the hands is presented.
Then the dynamics of the dexterous hand is givearsgely. Finally, the dynamics of a rigid

body is discussed.

3.1.3.1 Dynamic Model of Mobile Platform

Let us consider the first-equations of (3.15):

EvTv = quv+ Mquw+ Mvrqr+ le.q + C;/q/-{_ Q/qu

o (3.19)
+Cvrqr+Q/Iq+ E+AT (qy +Tdv

Multiplying both sides of (3.19) b’ to eliminate the constraint forces. We obtain:

STEL=5 Mg+ S Mgr S Mg S Ma 5.C 3,20
+57C.9+*S G+ S ¢ S F B,

Substituting both (3.12) and (3.13) into (3.20)gse

SEL=SMSv S MSv S Mg S MAISMC oo
+S/TQ/$V+ S %94- $ g;rq- v-S vpl-q VTSV-F \;rzsd\

Let us rewrite (3.21) in a compact form as:

MV+Cv+ f =T, (3.22)

\

whereM, =S M,S, G= § M'$+ & ¢ and
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7,=S/Er, (3.23)
fv =SVT(Mquw+ |\/lvr‘q-'- le“q + qu/-'- C;r‘q-'- qg-'- \'/:+Td\) (324)

f, consists of the gravitational and friction forcectoe F,, the disturbances on the mobile
baser,, (e.g., terrain disturbance force), and the dynanmdsraction with the mounted
manipulator arms MG, + M4 +M,gq +C,q,+ G, q + G ¢ which has been shown to

have significant effect on the base motion, thuee#ds to be compensated for [61].

The dynamic model of the mobile platform is consted using the Lagrange equations

expressed by:
dadL, dL |, ¢ .
TS T A ()4, =F, i=1em
dtoq, aq, (3.25)
F=[f, f, f,]

where g, are the Lagrange coordinates of the mobile platfdf is the Lagrange force
vector, A, is the vector of the Lagrange multipliers andis the function of the generalized

coordinates which is defined Qy =K, =P .

K, and P are the total kinetic energy and potential en@fgyhe robotic system respectively,

defined as:

1

=imgedmied el igrdy gt pose @2o)

_2|wr r

Where[>'<C yC]T are the velocities of the center of mass algngndy axis in the world
coordinate systemm=m +2m,; m, is the mass of the rigid platform without the wisee
m, is the mass of each driving wheeg|;is the moment of inertia of the platform along

axis; 1, is the moment of inertia of the left wheel alonpeel axis;l,, is the moment of

inertia of the right wheel along wheel axiK; and P denote the kinetic energy and the
potential energy of the robot excluding the molpidet and will be discussed in detail in the
next subsection. Note that the mobile platform doet affect the potential energy of the

whole robot.
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If there is no mounted manipulator arm, the dynaonuapling term transmitted from the
manipulator in (3.22) vanishes. W is defined as[é'?r Q]T by ignoring friction, using

MATLAB the definitions of the model parameters 8142) can be obtained as:

M=[(Iw + (rv*2*((mvbvr2)/2 + Ic ))/bvr2 +
(rv*cos((phi)/(bv))*cos(phi)*(rv)*(m)/4 +
(rv*sin((phi)/(bv))*sin(phi)*(rv)*(m)/4), ((rv*cos((phi)/(bv))*cos(phi)*(rv
Y*(m)/4 - (rvA25((mwtbvr2)/2 + 1c ))/bvr2 +
(rv*sin((phi)/(bv))*sin(phi)*(rv)*(m)/4);

((rv*cos((phi)/ (bv))*cos(phi)*(rv)*(m)/4 - (rv 2*((m*bv”r2)/2 +
lc ))/bvr2 + (rv*sin((phi)/(bv))*sin(phi)*(rv)*(m)/4),(lw +
(rvA2*((mwbv”r2)/2 + Ic ))/bvr2 + (rv*cos((phi)/(bv))*cos(phi)*(rv)*(m)/4
+ (rv*sin((phi)/(bv))*sin(phi)*(rv)*(m)/4)];
Cv=[- ((rv”2*cos((phi)/ (bv))*sin(phi)*omega*n)/4 -
(rv~r2*sin((phi)/(bv))*cos(phi)*omega*m/4), -
((rvr2*cos((phi)/ (bv))*sin(phi)*onega*m/4 -
(rv~r2*sin((phi)/(bv))*cos(phi)*onega*m/4);

- ((rvnr2*cos((phi)/ (bv))*sin(phi)*onega*m/4 -
(rv~r2*sin((phi)/(bv))*cos(phi)*omega*m/4), -
((rvr2*cos((phi)/ (bv))*sin(phi)*onega*m/4 -
(rv~r2*sin((phi)/(bv))*cos(phi)*onmega*m/4)];

1 Cosy cosp
E,(q)==|sing sing|.F @ .4 )=0,
r.V
b _h
- 2 2 - - (3.27)
r r
—Lcosp - cosp
—-sing 2 2
r, . r, .
A(d)=| cosp |, S (q)=| 3 sing = sing
° Lo
.k b
where omega represemnig and phi denoteg; |, =1, =I,,.
The steering system (3.12) has the form of:
% cosp ' cogp
2 2
* r r 0
V. | =] Xsing -Xsin N 3.28
Yo |F| 5 SIN® 40& (3.28)
e R
.k b,
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3.1.3.2 Dynamic Model of Manipulators Mounted on Mobile
Platform

Combined mobile platform-manipulator system isghly nonlinear and coupled system. Let
us take the waist for example. The waist is in hatbp a and Loopb. Therefore, all the links

in Loopa and Loopb will affect the performance of the waist.

Consider the secondequations of (3.15):

TW = vaqv+ quw+ erqr + I\/le‘ql + Qqu/

#Cyh,* Gy lh + G+ 47, ©29
Rearranging (3.29) as follows:
M, 6,+C.a,+ f, =7, (3.30)
(3.30) represents the dynamic equation of the waist
f,=M,4,+M 4 +M,4+C,q+C,q+C, g+ E +, (3.31)

f, consists of the manipulator dynamidd, g, +M,§ +G, q + G, @, the dynamic

w

interaction with the mobile badd g, + C,,0,. the gravitational and friction force vectby,,

and the disturbances on the waigf.

In the following, the dynamic model of the manigals without dexterous hands is

established in a systematic approach.

The dynamic model of the robot body is constructsithg the Lagrange equations expressed

by:

dob oL iz1.n+m (3.32)
dtagq dq

whereq is thei, joint angle,q indicates the,, joint velocity, 7, is thei,, joint torque and

L =K —P. The total kinetic energiK and the potential energy are defined by:

L P=>PR (3.33)
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where K, and P are the kinetic and potential energy of lingspectively.

If the augmented link is defined as the combination of linkand motori , then the kinetic

energy is given by:

1 n+2a i ag . agT n+2a
K.=K+K,==> tr —=Bl|, B |K2g® (3.34)
t 23 ;kzl o, ' o, Z

wherek, is the reduction gear ratio of jointl, represents pseudo-inertia matrix of link
dependent on the mass distribution of lirdnd is expressed in thge frame, andl, denotes

the rotational inertia of motar

Figure 3.6 illustrates the relationship betweeainat jand a link.

T Linki

Actuation

torque M
Reduction

gear ratio
Motor
inertia

Figure 3.6: Relationship between joint and link

Let the homogenous transformation matrix from tlasebframe of the manipulator to the

inertial frame2.; be denoted by,,(q,), the transformation matrixg, from thei, frame

of the manipulator which is mounted on the platfdonthe inertial frame; is given by:

O8i = 980 %192 G- 1) (3.35)

Potential energy of the body system is:

n+2a n+2a .
PziZ:l: Fi):_izﬂ: md @) (3.36)

wherem is the mass of link, g is the gravity row vector expressed in base fratge and

A =[Z Y 2 1]T represents the position of the center of massé&filand expressed in

the i, frame.

91



Then the generalized torque vector in thgoint is obtained:

_n+2a j gBj agBj n+t2a j | 62 gBJ 6931
T ZZtr( I ;;mz:ltr aqaqnl‘aq Yo

j=i k=1 aqk J aq

(3.37)
n+2a gBJ
- Z m g Ty + K'Y
For a rotary joint, equation (3.4) has shown:
cosq - sing 0 a,
_|sing cosx, cog cag, - sm, -4 sn,
% 7l sing sing,, coy sim, cag, d cos,
0 0 0 1
And its derivative is:
-sing - CcoY 0
ag(i—l)i - cosq cosxy, -~ sim cag 0 (3.38)
aq, cosg sin, - simg sim,, O '
0 0 00
From (3.4) and (3.38), the derivative can be reamiand simplified as:
ag(i—l)i _
—aqi =03 Q
Cosg, - sinq 0 a, 0-10 (3.39)
_|sing cosx, co§ cag, - sm, -4 s, 100 .
- sing sina,_, cog siw,_, cag_, ( caos 0O 0 O
0 0 0 1 0O 0 O
Using (3.39), (3.37) is rearranged as follows:
_doL oL
i aq° 9dq
n+2a_j n+2a_j
= Zztr@J]klj ji Nk +zzztr( lkIJU ji nkqm (340)
j=i k=1 j3 k=1lm=1
n+2a
_ngU]IJCJ alkiq
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where the effect of the motion of joinbn all the points on linkis as following:

U, =% _]9;Q g for J<i (3.41)
' 0q, 0 for j>i

The interaction effect of the motion of joinénd jointk on all the points on linkis given by:

ouU. 9;Q 9 Q G i> k> |
H"EUijk =19« R 9Q g i> j=k (3.42)
k 0 i<j ori<k

3.1.3.3 Multi-Fingered Hand Modeling

(a) Dynamics of single finger

As discussed above, each finger can be represégtath open kinematic chain with some

links, so in a manner entirely similar to the caba manipulator its dynamic equation is as:

Mfi (qfi)qfi +Cfi(q ' q)q + E(q,.(i}])‘Fqu =T (3.43)

where

M; : the acceleration related inertia matiexm,
C; : the Coriolis and Centrifugal matrix,

F, :the friction and gravity vector,

7, the torque input vector applied to egomt,
7 : the unknown distirances.

(b) Dynamics of dexterous hand
Consider a hand witN fingers, the overall dynamic equation is given by:
M:(@:)a +Ci(q.9)q + F(q,q)+74 =T, (3.44)

whered; represents the configurations of all joints, ameldynamic matrices are:
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3.1.3.4 Object Dynamics

As mentioned above, a rigid body with six DOFs bardescribed by a kinematic chain with
six open link, three revolute and three prismatiats. Thus, the dynamic equations can be

obtained in a similar manner:
M, (Xo) Xy + Co( X X) X+ N( X, X)= F (3.45)

where X, :[x y za pB y]T represents the posture of the object relative ¢ofitked
reference, whileF, is the wrench applied to the object’s center ofsnghe dynamic matrices

M, *°, @) *°andN, 0 ** are the acceleration-related inertia matrix, diand

centrifugal matrix and vector of friction and grigmespectively.

3.1.4 Robot-Object System

Ci

y
X Oro

Figure 3.7: Coordinate frames and representati@fmiger touching a sphere

Consider an object manipulated by a robotic hanal @dssed kinematic chain. In this case the

palm is fixed and a framg, is attached to palm. First, we introduce the ezfee frames at

the contact point. Figure 3.7 shows a situationrevliieere is a contact from a finger with the

coordinate frame.. . X, denotes the object coordinate frame. The choicefefence point

is always the center of mass of the object.
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For clarity from now on we will consider two refece frames at the contact point: one is on

the object Ecq) and the other one is on the fingertid{( ). The position and orientation of

the contact point on the object with respect to rifference system centered on the object
(2, ) are described by the homogeneous maix, which depends on the local coordinates

of this point. The posture of the object relativetlie reference frame on the palin,() is

expressed by the homogeneous madyiy .

3.1.4.1 Constraint on Contact Force

(a) Wrenches between the fingers and the grasped object

A contact is basically a mapping between the wremdrted by a finger at the contact point
and the resultant wrench at a reference point oabgect. There are many different contact
types used to describe the wrench a finger is iexpon an object. They are frictionless point
contact, point contact with friction, and soft-fargcontact. In this section, we study hard-
finger contact model which belongs to the secom.tyfhe hard-finger contact allows the

forces to be applied within the friction cone. Hoe i, finger, this is represented by:

F, =B, f,, f,0FC, (3.46)

ci ‘ci? ‘ci

where the forces applied by a contact are modededvarenchF, applied at the origin of the

is a vector represents the magnitude of the coriteices

ci

contact frame Ecq or2e ); f

applied by the fingerB, is wrench basis matrix and for the hard-fingertaonit is defined

T

as:B; =

o O -
o +» O
O O
o O O
o O O
o O O

Uty

Figure 3.8: Hard-finger contact model
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The setFC, represents the friction cone of conta@nd the hard-finger model applies:

1
FC, ={qu113:; f fs fo & O (3.47)

where f; :[ f, f, f 3]T, f, and f,, denote the tangent components of the frictioneprc

f, denotes the normal component of the contact foes®] 1, denotes the friction

coefficient.
(b) Grasp map

Grasp map is used to determine the effect of comtenches on the object. To determine the

effect, the wrenches must be transformed to theadlgoordinate frame. (R, , R, ) is the

configuration of the,, contact frame relative to the object frame, thewrench exerted by

this contact can be written in the object coordirfeame as:

Fo = Ad”T Fci =Ad'" B.f (348)

goc; gog —ci ‘ci

where Ad;qi is the wrench transformation matrix that maps atntaench to object wrench.

We define the grasp matr@ as a linear map between the contact forces andrtrech act

on the object of fingeir.
G = Adg‘ochi B, (3.49)

If we considem fingers in contact, the total wrench is the comabon of all wrenches on the

object due to the fingers. The grasp matixthat maps all contact forces on the object is:

G=[G .. G]=| AdL B .. Adl 8| (3.50)
In this way the total wrench on the object is gibsn

F =Gf (3.51)
where f.=[ f1 f5 .. fL].
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(c) Force-closure

If a grasp can resist any applied wrench, the gimspid to be force-closure. When grasping
an object and lifting it from the table, it is nesary to apply appropriate wrenches at

appropriate locations on the object so as notltavagravity or possibly other external forces

to pull the object out of the grasp. If a grasp oasist any external wrendh, applied to the

object, there exist contact forcdsJ FC_, such that:
Gf =-F (3.52)

(d) Internal force

A key feature of a force-closure grasp is the exis¢ of internal forces. Internal force is a set

of contact forces which result in no net force loa dbject.
F.ON(G), GR= 0 (3.53)

Internal forces can be used to insure that the acbntorces satisfy the friction cone

constraints.

3.1.4.2 Grasp Constraints

In this case, the constraints between the objattla fingers can be formulated by requiring
that certain velocities are equal. For examplea given contact point, the velocity of the
contact point on the fingertip and that on the objaust agree in the direction normal to the

surface.
(a) Grasp constraints of multi-fingered hand

Recall that for the hand each finger is as an d@eematic chain, the spatial velocity of the

fingertip can be written as:
quifi = ;if(qif).q‘f (3.54)

where J;‘fi (g;) is the distal Jacobian matrix that transforms ahgular velocities ¢; ) of

finger joints to the velocity of end of a fing(-;\ly‘ﬁﬁg ) in the frame attached to the finger's end;
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2, is the base frame of thg finger attached to the palm and at the point whigisefinger is

connected.

Assume that each finger has a fingertip with kn@hape. The transformatiagy, . from the

end of the finger to the contact point at fhefingertip depends on the local coordinates of

the contact point on the surface of the fingertip.

In general, the directions in which the motions emestrained are precisely those in which

the forces can be exerted. Hence, for a contadt thik¢ wrench basiSq which has been

illustrated in equation (3.46), we require that:

B;V,", =0 (3.55)

The explicit form of the relative velocity betwe#re fingertip and the object at the contact

point is:

[ fon
ch G Adgcfit JSf qf qufio \};o (3.56)

whereV,, is the velocity of the object relative to the paimthe object frame, ang]cfiO

represents the homogeneous transformation matin the object framé&_, to the contact

frame 2. on the fingertip, which is as:

Oe,0 = 9o ¢ Jgro (3.57)

where g, . represents the homogeneous transformation fronfrémee ch to the frame
2., andg. , represents the homogeneous transformation matir the object frame.,

to the contact framEcq on the object.
Then

BIAd, Jiy0 =B Ad V. (3.58)
Using (3.49) and (3.50), for the hand wiNlHingers, the contact kinematics has the form:
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Jn(A) 8 =G\, (3.59)
where J, (q,) is the hand Jacobian matrix defined as:

T f
Bl Ad, %, 0

ngl f1

J(q;) =

0 B Ad, J"

gch N

This equation describes the grasp kinematics imgeof a set of ordinary differential

equations.
(b) Grasp constraints of multi-fingered mobile manipora

In this thesis, the dexterous hands are mounteth@rarms and then the velocities of the
fingertips are related to those of the ends ofaimas. Thus, a small change in the contact
kinematics should be required. The contact kinereasi in the form:

Je(4)%'= G 4, (3.60)

where J;(q") is the Jacobian matrix of the whole system defiagd

T f;
BI Ad, | 35 0
Js(d) =
0 B Ad,
q':[qj 4 9 ... q T has been defined in subsection 3.1.24; is the extension of

T

vector ' and qB'=[qv

T "l

@ o - ¢

relative to the base frame in the object frame.

q CH V2 is the velocity of the object

3.1.4.3 Contact Kinematics

In most of human and robotic hand tasks, rollingitaot plays an important role in the
mechanics of the manipulation. In this subsectioa fecus on the research of the
manipulation which involves the rolling contactsdget of fingers. An accurate modeling of
the rolling phenomenon is fundamental for the redeaNe begin with a kinematic study of
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the case of one smooth finger rolling on a smodileat and extend the grasping formulation
to the moving contacts. If the fingertip and thgeab shapes are completely known, the

contact kinematics can be described by a suitadoignpeterization of the contact surfaces.

(a) Surface parameterizations [132]

Given an object iril®, we describe the surface of the object using al locordinate chart,

c:um 30O 3,asshowninFigure 3.9.

AV ¢

o
A\ 4

7 Tu

B

Figure 3.9: Surface chart for a two-dimensionakobjn 0°

Surface chart for a 2D object IA®:
cuvV)=[Xuy, Yuy, 2u) (3.61)

The mapC takes a poinf{u, V)(II * to a pointpD ® on the surface of the object, written in

the object frame.

At any point on the object, we can define a tangeane which consists of the space of all
vectors which are tangent to the surface of theeatbgt that point. The tangent plane is

spanned by the vectors:

oc dac
== ¢ =— 3.62
ou & ov ( )

That is, any vector which is tangent to the surfaca pointc(u, v) may be expressed as a

linear combination of the vectocg andc,, evaluated afu, V).

Given a parameterization(M ,K ,T ) are collectively referred to as the geometric

parameters of the surface. These parameters desiealdlocal geometry of the surface (metric
tensor, curvature tensor, torsion) and play an imaod role in the kinematics of contact.
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c, N, qn
llc, Il O lic, If llc, 1116 |l
o, 0 2,

0 e | an, Qn
3.63
e e, I I 3 59
T :{ C\TCUU C\TI-QJV }
S Lo 1 v 1|
2 2
wheren, :%, m=g—c, G, :%j, q:%i, while g, :%:,QN:;—U)CV, n = N(u, V) is the

unit normal at a point on the surface.
(b) Gauss frame

The curvature, torsion, and metric tensors can aklsocomputed in terms of a special

coordinate frame called the normalized Gauss frdie(u, v) is an orthogonal chart, we
define the normalized Gauss frame as:

x=—S y=_G& - GXG (3.64)

e 1l " Te 1157 hxg,

The normalized Gauss frame provides an orthonofraale at each point on the surface.

Figure 3.10: Motion of two objects in contact

Consider two objects with the surfacBsand S, which are touching at a point, as shown in
Figure 3.10. Letp, (JS and p,(t)J S, be the positions at time t of the contact point

relative to two body-fixed framek,, and >, respectively. Let(c,,U,) and (c,,U,) be

101



the charts for the two surfaces, aag=c,'(p,)0U, anda, =c;*(p,) JU, be the local
coordinates. Lety be the angle of contact, defined as the angle derivihe tangent vectors

oc,
Jdu

0o

ac, . . Qc
anda— .We choose the sign @f so that a rotation 3 © through an angle/ around
u, u

(0]

oc
the outward normal o§ aligns ZC" with a—f .Collecting the quantities which describe the
uo uf

. . T
contact, we obtain the contact coordlna[te$ a, (//] for S, and§,.

The contact kinematics allows the grasp ma@ixand the hand Jacobian matdx to be

computed using the contact coordinates:

k=|a, a, z,l/}T =l v 4oy, z//]T (3.65)

In this work, it is assumed that the fingertips seeni-spheres and the object is a torus. Thus,

the body-fixed frameg . and >, mentioned above are attached at the origin of émei-s

sphere and the origin of the torus respectivelye §aometric parameters of the sphere and

the torus are introduced in the following section.

(c) Geometric parameters of a sphereéin

A coordinate chart for a sphere of radjascan be obtained by using spherical coordinates, as

shown in Figure 3.11.

AZ

Figure 3.11: Spherical finger

For the hemisphere centered at the origin and attese-plane, we have:
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O COSV, COSJ
c, (U, v, )=| pcosy, siny (3.66)
psinv,

with U, ={(u,, v;) :0< u, <2m,0< v, <7m}. The position and orientation of the contact

frame relative to the reference frame are given by:

c -sinu;,
X, =— = =| cosu, (3.67)
e, 11|
c -sinv, cosu,
Y =0 i i -sinv, sinu, (3.68)
c
fv cosv,
COSV, COSl,
Cf u X Cf vV .
z, =——————"——=| siny, cosy, (3.69)
”Cf,uf xcf,vf ” :
sinv,
R, =[% % 7] (3.70)
Pre, (Ur €)= G (U, ) (3.71)
RC pC
O, { “ “} (3.72)
O, 1
The curvature, torsion, and metric tensors are:
pcosv, O % 0 tanv
M (v;) = f , Ky = T (%) = -0 (3.73)
0 Yo, 1 Yo
0O —
P

(d) Geometric parameters of a torusiii
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a, is the radius of the tube anyl is the distance from the center of the tube toc#@er of
the torus, as shown in Figure 3.22.andb, are also known as the minor radius and major

radius, respectively.

By L
&) 0 i oy
N
15 " %
10 T
g : 15
: 10
0 5
5 : 0
. : 5
-1
0 -10
15 15

Figure 3.12: Parameterization of torus surface

Similarly, the position and orientation of the cacttframe relative to the reference frame are

given by:
(b, + &, cosv, ) cosy,
6 (Uy, V) =| (l,+ 3,cO8Y,)siny, (3.74)
a, sinv,
-sinu,
CO
X, =—*—=| cosu, (3.75)
e 11| 4
c —sinv, cosy,
Y, =” 2% ”= -sinv, sinu, (3.76)
C
O cosv,
Cosv, cosl,
Co, X Cory ,
z, :WF sinuy, cosy, (3.77)
b 0% siny,
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R, =[% % 3] (3.78)
Poc, (Uys C,) = (U, ) (3.79)
g = Re Po (3.80)
* [0 1

_cosi,

Mo(vo)z{bﬁagcosvo ﬂ,Ko(voF b, + 8, cosy, |
0 — 3.81
. (3.8)

T I

b, + &, cosv,
(e) Kinematic equations for rolling contact

We assume the pure rolling between the fingertifgsthe manipulated object. The motion of

the contact coordinateg,= [a"f a, Y T , as a function of the relative motion is given by:

~ -,
o i, & ]

a, =M;'R, (K, + Ro)‘{_jy} (3.82)

X

‘/IZTT Mfaf +T0Modo

o T
where Vo =[v, v, Vv, ©, @, )

has been defined in (3.56),

cosy —siny

-siny —COSK//} andie=RIGR

]

Note that given the initial condition we can intaigr the vectok for each contact point and
obtain the contact coordinatesfor each instant of time.
3.1.4.4 Constrainedynamicsof Hand-Object System

In section 3.1.3, we have analyzed the dynamidheffingers and the object which are all

assumed free, i.e. neglecting the closure consstattowever, the physics of the hand and the

105



object as a whole system must be considered iragporg task. To take into account the
mutual relations and the wrenches exchanged bettheeiingers and the manipulated object

we must slightly modify the dynamic equations.

Assume no friction. With regard to the equationshef fingers, we should add a tex f, to

take account of the forces exerted by the objec¢heriingertips [133]:
Mi(@)d +C(q.9)g+ F(q, Q=7 - { (3.83)
f. =G'F, +F, (3.84)

where f; is a vector of contact forceg' is the pseudoinverse of the grasp ma@ix F, is

the wrench applied to the center of the object Bpdepresents the vector of internal forces

at the contact points which play a fundamental molgrasp stability (i.e. slippage avoidance).
As regards the wrench applied to the objectfrom (3.83) and (3.84), it is equivalent to:
F=GJ'(r,-M;g, -C. g - F) (3.85)

Recall the fundamental equation of the kinematicstramts:

J(A) & =G\, (3.86)
whereV?, can be calculated as a functionXf and X .
In the case of Euler ZYZ, we have:

Vo = P(X)™* X, (3.87)
where

P(X ) - I%)s( Xo) O3><3
° 03><3 Gbs(xo)_l ’

Rs(X,) = Ro( za) Rat y3) Rdt,p),
—cosy sing  siny
G,(X,)=| sinysing  cosy
cospf 0O 1
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Rot( za), Rot( y; £) and Rot( z y) are rotation matrices.

Therefore we have:
()G =G P X (3.88)
Taking the time derivative of (3.88) gives:
Ja+3 g =GP X+GCP x+GPX (3.89)
Assume the invertibility of,, equations (3.88) and (3.89) become:
G =J,'G P X, (3.90)
G = (GP'X+GCGP'X+GCGPX- TGP ) (3.91)

If we replaced; andd; in (3.85) with (3.90) and (3.91), we obtain theemech applied to the

object as a format only witK,, X, and X, :

F,=GJ'(r,-M, J (G P'X+G P X+ G P X

. : : 3.92
—J, 'GP X)-G I 'GP X-F) (552

Using the equation above, (3.45) can be written as:
MX, +CX,+ N =GJ'r, (3.93)

where

M=M,6+GJ,"M, J'G P,
C=C+GI'M,J(GP+CP-JJGEP+GJ] cIGPR
N=N,+GJ'F.

We obtain the description of the dynamics of theteasy composed of a dexterous hand and

an object to be manipulated.
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3.1.4.5 Dynamics of Dual-Hand Mobile Manipulator and Object
System

The overall dynamics of a dual-hand mobile manifmulgdystem manipulating an object is

discussed in this subsection.

First, recall the kinematic constraint equatiortearms ofq"' which is the vector of the time

derivative of the generalized coordinatgsdefined in subsection 3.1.2.4:
J.0.'= G\ (3.94)
According to the nonholonomic constraints, o= [v 4 G T, there exists a full rank
matrix S'(g 0 """ that satisfies:
q'=S'¢ (3.95)

We have known thadl; ' is the extension ofl’, thus there exists a matrf ' that satisfies:

0'=S'¢ (3.96)
The kinematic constraints become:

J.S.'¢=G

3,/ =G'V,

whereJ;'=J3;S;".
From (3.97), the following kinematics can be dedive
J,' =G P X (3.98)
We obtain the time derivative of (3.98):
Jo'E+3, =G PX+G P X+CP'X (3.99)

The matrixJ; ' is not invertible due to the redundancy of therergystem. Equations (3.98)

and (3.99) become:
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E=JIG'P'X + No
E=Jj(GPX+G P X+ G PX-J(J]GP X+ b (3.100)
+No'

where the symbot denotes a weighted right pseudoinvenses | —J!J." is a projector in
the null space of the Jacobian matdix', o is a considered task function aod is another

considered task function.

Similarly, we should add a tersh, f. to the complete dynamics of the mobile manipul&tor

take account of the forces exerted by the objedheriingertips:
M'&+C'E+F'=ET'-J] f (3.101)
According to (3.84) and (3.101), the wrench apptiethe object is equivalent to:
F,=GJ"(Er-M'¢é-Cé-F)+GNo " (3.102)

whereN'=1-J"J] is a projector in the null space of the Jacobiatrix J; , ando™"

means the third considered task function.

If we replaceé and & with (3.100), we obtain the wrench applied to tgect as a format
only with X,, X, and X,:
F=GJ"(Er-M'(J(G P'X+ G P X
+G'PTX - J (G P X+ N)) (3.103)

+No)-C'(JiG P*X + No)- F)+ GNo "

Then we obtain the complete description of the dyina of the whole robotic system

composed of a mobile manipulator with multiple g and an object to be manipulated:
MX, +CX, +N=GJ" Er (3.104)

where
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M=M,+GJ]TM'JIG P,
C=C,+GI'MI(GP+CP-3 JCGP+GJ CJGP
N=N,+GH"F-GI'M I N+ GJ M '+ G C 8- GN"

3.1.5 Simulation and Results

The mathematical model has been developped in M&ilaulink environment and in order
to validate the model accuracy and the consistentty the ADAMS model of the personal
assistant robot some complex numerical simulatiares performed. The main simulation

purposes are: (1) validate the accuracy of kinereafR) validate the accuracy of dynamics.

As ADAMS is meant for 3D simulation of dynamics, htas very limited capability for

realizing a controller. We create an interface leetvADAMS and Matlab/ Simulink so that
the controller can be implemented using Simulink.call the generated plant in Matlab, the
plant name should be entered in the “command wirfidsav that the input and output
information will appear. By executing “Adams_sysbnemand, the blocks containing
information about the dynamics of the robot in Simkulenvironment are loaded (Figure
3.13). By having “Adams-sub” block in Simulink enmiment, the robot model is suitable for

control and motion simulation as a defined systematlab.

o

S-Function ;
[

3
vigl[ ]
) ) P>
: 2>
State-Space
P ] 21

adams_sub

Figure 3.13: Model plant and state space blocks
3.1.5.1 Kinematics Validation

To ensure the success of dynamic simulation, fivetheed to validate the kinematics of the
mathematical model. The dynamic effects of the rabetneglected during the simulation and
we only validate Loopa and Loopb (i.e. the fingers keep stationery). The kinematic

simulation can also verify the reasonableness offrtbéehanical design.
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A velocity level controller shown in Figure 3.14used as a closed-loop feedback controller
and developed in Simulink. The general inversetgoiwf a kinematically redundant robot at

the velocity level has the following form:
q=J"(R+K,(p - P +(1-7 )¢ (3.105)

whereq represents the vector of joint variablés, is a symmetric positive definite matrix,
and the choice oK, guarantees that the error uniformly convergesto;zp represents the

end-effector position ang, is the desired end-effector positioh;is the Jacobian matrix of

the mobile manipulator and’ is its pseudoinverse; as fgr, (4.24) is used.
+

Desired | py + %‘ 7
trajectory L
+ Inverse | g

d/dt —» ) )
kinematics

Figure 3.14: Redundancy resolution at the veldeirgl

Robot

Figure 3.15 demonstrates the block diagram of dmrol system in Simulink and through it

the co-simulation between Matlab and ADAMS can tlaeved.

—
1| ]|
|-
—*t fen vl - > [ x_right
N >
xd right ] y_right
T ha ]
*t2 foen y2 3 > \‘Kﬂu\re/cr-r:f;"’::\ﬁ—bl fen y 1y -
o _|
yd_right - - ha ———————*
. X Inverse kinematics_right J—————1, x_ ile
C; PIt3 fon y3 4 > - ™
Clock y_mobile
zd_right > du/dt g E
9 .
- z_nlm‘hlle
Htl fen yl » l)—r vd_right > NE]
X_left
xd_left =
= — » g |
T left
—*t2 fen y2 ‘f—:—'*}(“uvec*_,)“"@—'l fen y > » {E
.-'/--
- z left
d_left
ya Inverse kinematics_left ]
3 fen y3 > ] »| phi_mobile
adams_sub
zd_left
du/dt
vd_left

Figure 3.15: Block diagram of closed-loop controBimulink

As shown in Figure 3.15, ADAMS outputs the end-etide positions of left and right arms
respectively. The desired trajectories of the effigcrs have been given as a constraint.
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According to this condition, the position errorsxdae acquired. And through the controller,
Simulink gives each joint’s angular velocity to vee the position errors.

First, suppose that the fingers, the right arm @nedmobile platform remain stationary. The
left manipulator is tested with a given trajectbgsed on the Jacobian pseudoinverse method.
Figure 3.16(a) draws the desired trajectories aloygandz axis. The reference in task space

is generated by the equations<=x,+0.01t,y=y,+0.01%,z= 7 + 0.0z, where
[x|0 Yo ZO]T is the initial position of the left end-effectdrhe end-effector moves with a

reasonable spee{@.Ol 0.015 0.0]i along three orthogonal directions respectively.

Figure 3.16(b) depicts the practical motions irsththree directions. Figure 3.16(c) shows the
practical velocities of the end-effector and FigBr&6(d) shows the trajectory tracking errors.
Comparing Figure 3.16(b) with Figure 3.16(a), wa c&e that the manipulator can move
following the desired trajectories. Figure 3.17 egivthe robot’s final configuration after

execution of the task.
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Figure 3.16: Simulation results of one redundannipwdator (a) Desired trajectories (b)
Practical trajectories (c) Practical velocities Tdajectory tracking errors
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Figure 3.17: Final configuration

Secondly, we validate the robot's kinematics withcuands (mobile base + dual

manipulators). The mobile platform and the rightnipalator, which compose Loog are

regarded as a redundant system and the motionotométhod (3.105) is used. The reference

trajectory in task space is given to the right effédctor. Each joint of the left arm keeps the

same motion with the corresponding joint of thentigrm. The reference in task space is

generated by the equations:

X=X,+0.01t,y=y,+0.013 ,z= 7z, + 0.0z

Where[xro Yio ;O]T is the initial position of the right end-effectdihe right end-effector

also moves with a speefd.Ol 0.015 0.0]i along three orthogonal directions respectively.

The difference between this task and the previask s the motions of the mobile base and

the other arm.

Position(m)

Position(m)

(@
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Figure 3.18: Kinematic simulation results of contplanobile manipulator (a) Desired
trajectories (b) Practical motions (c) Trajectorgcking errors (d) Motions of

mobile platform

The simulation results are shown in Figure 3.18ufé 3.18(a) and (b) depict the desired
trajectories and the practical motions in ¥pg andz directions, respectively. Figure 3.18(c)
shows the trajectory tracking errors. Figure 3.18fides the motions of the mobile platform
alongx, y directions and the heading angle. The robot'd fieafiguration is shown in Figure
3.19. Comparing the results of two simulations wel fthat the curves in thg andy
directions oscillate more obviously. This resullicates that adding the mobile part seriously
affects the dynamic behavior. In other words thdieomanipulator has a complex dynamic
model and strong coupling which are possibly causethe mobile platform. Thus, we must

take into account the dynamic characteristics wdesigning the control algorithm.

Figure 3.19: Final configuration
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3.1.5.2 Dynamics Validation

Using ADAMS, a multi-body dynamic model has beeaated to represent the real robot.
Connecting the mechanical model with the contrsteay, some specific results which can be
used to evaluate the robot's dynamic behavior H@en obtained. This simulation process
creates a closed-loop in which the control inpuasnf Matlab affect the ADAMS simulation,
and the ADAMS outputs affect the control input lleva this case, the inputs to the robotic
system are the joint torques computed by Simuliile outputs, which will be transmitted to

the controller, are the joint angles and joint aaguklocities measured in ADAMS.
(a) Without hand

Assume no frictions. Here, for validating the moaetlassical closed-loop control (computed

torque method) based on the precise mathematicaéinsdpplied:
M({y+ketk o+ @ + F=E (3.106)

where k, and k, are position and velocity gains respectivedy; ¢, —¢ is the vector of
velocity tracking errors(, represents a desired joint velocity vecterjs the vector of
trajectory tracking errors anéll , C and F represent the computed valueshd{q) , C(q, )

and F(q) respectively.

T k I V | {.< e orques 4
ask level |[<, £52%% Controller ™% Robot |[¢¢
Planner = Model

Figure 3.20: Typical computed torque control

The control system is designed to rotate the rgbjoints for accomplishing various tasks.

The first task is designed to move the robot’s tpifiom the initial configuratiory, to a
desired configuratiom, . The initial valueq, is detected by ADAMS. The goal configuration

of each joint is zero degree.

As can be seen in Figure 3.21, in comparison wigiurieé 2.7, all of the revolute joint angles

are zero based on the coordinated simulation system
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igure 3.21: Final robot configuration

The trajectory tracking errors of all joints excéipeé wheels are given by Figure 3.22(a), (b)
and (c). Figure 3.22(d) shows the position andbtientation of the mobile platform. It can be

observed that the simulation results coincide withdesired ones.
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Figure 3.22: Simulation results of dynamics valiolat(a) Tracking errors of waist (b)

Tracking errors of right arm (c) Tracking errorsleft arm (d) Posture of mobile
platform
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When the mobile base keeps stationary, the motadnthe manipulator joints which are

measured by ADAMS are illustrated in Figure 3.23. iAcan be seen from this figure, the
motions are much smoother than those in Figure.3[B& result again demonstrates the
strong coupling between the mobile platform andnti@aipulators.

mabile manipulator joint angle
0.z

0.1 9

0.0

-0.1 —aist_1

b = =waist_2
====tight shoulder_1
— =right shoulder_2

-0.2 4

Angle (rad)

-0.3 7 = =right elbow

====right wrist_1
= =right wrist_2
—right wrist_3
= =left shoulder_1

0.4

0.5 = =lgft shoulder_3
—left elbow

0.6 1 — —|eftwrist_1
====lpftwrist_2
— =leftwrist_3

-07

n.a 1.0 2.0 30 4.0 5.0
Time isec)

Figure 3.23: Motions of manipulator joints withauabbile platform measured by ADAMS

The second simulation is to make each joint traclefarence trajectory from the initial
configuration.

The reference trajectories of two wheels for the ilegilatform are designed as:
T T T
[qrd Qd] :[O-3t 0'3] +[ G oq qu]

Meanwhile, the reference trajectories for the ontboeaist and arms are given by:

Outd = Gu2d = Gid = G20 = Qa0 = g = Qo = Qe
=07 =Qu =0 =Ga =Gy =Gy =g = fa 0.2t+g4

where [qud qu] is the initial configuration of the wheels ang,, is the initial

configuration of the waist and the arms.
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Figure 3.24: Trajectory tracking errors (a) Trackierrors of wheels (b) Tracking errors of
waist (c) Tracking errors of right arm (d) Trackiegors of left arm

The simulation results are shown in Figure 3.24al be seen that the robot can track the

desired trajectories in joint space by properlyaging the gaink, andk,. We have known

that ADAMS prototype works in the virtual environmesimilar to the real world where there

are uncertainties (e.g. modeling errors) and distoces (e.g. frictions and vibrations), so that
it is very difficult to obtain the precise dynammmdel. However, the computed torque control
is a model-base method, so the errors cannot cgaewerzero completely. A robust adaptive
control method is necessary to compensate for tieertainties and disturbances, and to

guarantee the convergence.

Considering the above discussion, the resultsdsithonstrate that the co-simulation between
ADAMS and Matlab is effective in controlling thehat to follow the desired trajectories in

joint coordinate system, and the ADAMS model isfiest to represent the real robot.
(b) Dexterous hand validation

Recall that the dynamics of each finger is in thret.
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M (a,)d +C(q4.9)9 + F(g,q)=r,

Assuming that the parameters are all known ancthsr no disturbances, we have obtained
the precise mathematical dynamic model of eaclefimghich has the same form as the above
equation. For validating the virtual prototype béthand, we use this precise mathematical
model to construct an open-loop control systencédculating the torques of driving motors.
We now apply these torques as the inputs of theemtodtrack the reference trajectories in

joint space. The desired joint trajectories fomgér are given as:

(G G Gu G =[0.258 022 01F O]

-4
0.35 T T T T T T T T T 45’0
jointl
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Figure 3.25: Validation results of a finger

¢

a)ntdrajectories (b) Joint torques

(a (b

Figure 3.26: Final configuration of dexterous hand

The several output results are shown. Figure 3)A%i(ees each joint’s trajectory. In Figure
3.25(b), the torques obtained from the mathematzadel are shown. From the above figures
it could be clearly observed that the virtual ptgp@ of the finger built in ADAMS is in
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accordance with the mathematical model and theatksiajectories are well tracked using
the open-loop control system. The simulation reshktve shown the effectiveness of the
model of single finger. Using the same method, dkiger fingers’ models are validated.

Figure 3.26 describes the final configuration @& band.

3.2 Bond Graph Modeling
3.2.1 Introduction

The model of the personal assistant robot has beeh developed using Lagrange’s

formation. This subchapter proposes the use of lgoaph technique as an alternative method.

Bond graph notation ensures encapsulation of fanatity, extendibility and reusability of

each element of the model. Multiphysic dynamic exsyst such as electrical, mechanical,
magnetic, fluid, chemical, and thermodynamic syste&an be modeled and linked together.
As a result this method is generally more suitdblethe modeling of complex robotic

systems like mobile manipulators than equation-thasedeling. Similar work has been done.
In [134] bond graph method has been applied to intide mechanical dynamics of an
excavating manipulator which is modeled as a 3 D@IRear manipulator. This is done by
applying forward recursive equations similar tos@pplied in Newton-Euler method only
to determine the centroid velocities of the links[135] the dynamic behavior of the youBot
(mobile manipulator robot) is decomposed into ttigges of components: Mecanum wheels,
joints of the manipulator and links of the manipata The kinematic representation of

mechanical elements is captured using screw th&anythe bond graph modeling of hand, a

bond graph model has been developed for a prostmeithanismra— a thumb prosthesis with

capabilities to move and do a large class of mdaipe tasks [136]. Contact interaction of
the prosthetic mechanism with a rigid object hasnbenodeled. The Word Bond Graph
Objects (WBGO) have been used to model the dynaafieshand prosthesis system [137].
Although significant research has been dare modeling of different robots by bond gragh,

no one has established a complete bond graph rfadéke personal assistant robot.

In this subchapter the bond graph model of the ¢exngual-arm/hand mobile manipulator
system is build step by step following the Newtaree formalism which has been widely
used for modeling this kind of system. Bond graphs used to represent the dynamics of
each part including the mobile platform, the armthasystem and the electromechanical

system.

120



3.2.2 Modeling of Electromechanical System

An electromechanical system can be considered @aneatenation of four parts: electrical
part of DC motor, mechanical part of DC motor, gesirand load part. The word bond graph
model is given by Figure 3.27. Figure 3.28 dessritke bond graph model of the
electromechanical part. The electrical part cossist three components: resistange,
inductancel, and an input effort sourdé which represents the voltage source of the motor.
The gyrator GY describes the electromechanical emion in the motor. The mechanical
part is characterized by its inertig and viscous friction coefficien . The transmission

elasticity of the shaft is represented by the elen@==1/K. TF with a reducer constark

models the gearbox. The load part (joint) is chi@raged by its inertial and viscous friction
coefficient B.

Drive Gear

Motor | |— Shaft — Set — Joint

Figure 3.27: Word bond graph of electromechanigsiesn

********* ¢ <& F e
Se:U \ili\GY\ili\O;“.TFN,u w
Lo~ L s
i T | z

Gear Set ;
aﬂ Joint
O — | Ideal

Bearing

‘ DC Motor ‘ ‘ Drive Shaft ‘

W

Figure 3.28: Schematic of electromechanical system
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3.2.3 Modeling of Manipulator

The modeling of a manipulator which is a chainioks$ connected by revolute joints involves
the modeling of angular and linear dynamics. I tection, bond graph modeling is done
using various objects like angular dynamic objdiciear dynamic object, EJS object etc.
These objects are created for a single link andbmamepeatedly used for the bond graph
modeling of each link. Then these links are corerkbly the joints.

3.2.3.1 Modeling of Joint

For modeling a joint, it is decided only to mode¢ ttransfer of energy in a joint. Therefore,
the following behavior has explicitly been neglectél) friction in the joint, and (2) energy

storage in the joint.

Since a joint establishes a connection betweenlitks, it imposes a relation between the
angular velocities and the torques of the two bsdfe torque applied in a joint is applied

between the two connected links and, in fact, agpthe same torque to both links. This

specifies the relation between the torque appliethe actuator £, ) and the torques applied

to the connected linksr{,,,;; ., and 7. ):

=r =7 (3.107)

jointi,i-1 — ¢ jointij

T

acti

On the other hand, there is a relation betweenatigtilar velocities oty ; anda. Just as

with other flow type variables the following relati holds:
o =0, + d, (3.108)

In this subchaptea; denotes the value of link j expressed in frame. Thusa] andal,

are respectively the angular velocity of linlexpressed in frame andthe angular velocity

of link i —1 expressed in frame.

acti

denotes the angular velocity generated by the motor

The above two relations can be represented by Qiumdn the bond graph language
described in Figure 3.29(a) and (b).
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Figure 3.29: Bond graph of a joint (a) Effort sai(b) Flow source

(@)

3.2.3.2 Modeling of Link

Figure 3.30: Velocity relation between links

The velocities of link are completely determined by the velocities dk ikl and the motion
of joint i. Figure 3.30 describes the velocity relations leetwtwo links. These relations can
be expressed by equations (3.109), (3.110) and13.1

Angular velocity of linki:

o =Ry (s + aly) (3.109)

Translational velocity of link:
V. = R(i_l) +T1, a) (3.110)
Vi =V + il (3.111)

wherec denotes the center of mass of linkpointi andi+1 denote the, and (i +1),
connection points between linkaj~ is the angular velocity of link—1 expressed in frame

i-1; v, v andV,, represent the linear velocities of the center agsnof linki expressed
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in framei, frame origin of linki expressed in frame-1 and frame origin of link +1

relative to frame respectively;R,, is the rotation matrix between frameandi-1; r,
is a vector from point to pointci; similarly, r;,, is a vector from point ci to poimt1l. The

skew-symmetric matrix is built fromr such that

r o r, -,
r=ir,|,r=+; 0 r,
r3 r2 _rl

3.2.3.3 Newton-Euler Equations

jointi+1j
mg fla)
Figure 3.31: Force relation between links

Figure 3.31 shows linktogether with all forces and torques acting omnitthis figure,m is
the mass of link and g' is the gravitational acceleration expressed imé&a By the law of

action and reactiorf.,; and f.,; are respectively the force acting from liriklj on linki

and the force acting from link41) on linki expressed in frame As shown in (3.107),

i
jointi,i

and 7! are the torques applied by the actuators relatvéamei. When all

jointi+1j

T

vectors in Figure 3.31 are expressed in frantlee total force and torque applied to a link can

be stated as
Total force applied to a link:

F=f,+f,+md (3.112)

-1j

Total torque applied to a link:

I =T

i jointi i

+Ti +fci fi—1, +r+¢i ti+i1, (3113)

jointi +1j i
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3.2.3.4 Eulerian Junction Structure in 3D Mechanical Systems

From (3.112) and (3.113), the coordinates of tliee® and the torques are all written relative
to a body-fixed frame attached at the center ofsmastead of with respect to an inertial
frame. In this way, the inertial tensor remains tams Hence, we can formulate the
d’Alembert principle in a body-fixed coordinate 8% without updating the inertial tensor.

However, we now must calculate the relative co@tdinransformations across joints. We
must also take into account the gyroscopic torguneisforces that result from formulating the
d’Alembert principle in an accelerated frame. Thanlmear differential equations (3.114)

known as Newton-Euler’s equations derived by apgyD’Alembert principle represent the

body motion in the 3D local frame.

T = ‘Jlxx X a?y lez a{z &‘{ZJ iyy b"{/
T = J a‘?z ‘]lex d‘?x && Jizz Q
I, = J.Hw.z Ty = @, b, (3.114)

b+ M, ¥, — TR, Y,
W + mad, b -,
m ciz m IX \l,iy my yIX

whereF. . are the components &', 7

ix,iy iz ix,iy iz

are the components @f and J; are the

iXX,liyy,izz

components ofll which is the moment of inertia of linkabout its center of mass. All the

forces F!

ix,iy,iz 1

the torques: and the inertial tensod! are written relative to the

ix,iy iz iXX,iyy,izz

body-fixed frame.F,' and7] have been derived in (3.112) and (3.113).

Euler's equations of a rigid body contain a ternthwan exterior product between the
momentum and the angular velocity. This term iassed with the gyroscopic moments

M,,,- The common bond graph representation of thisriextproduct in Euler’s equations is

the EJS. For the torques it is denoted by EJS-T:
M g0t = = xJ @ (3.115)

where
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‘Jiixx O 0
i _ i i T i i i7"
J=/0 J, 0 andaj—[a& @) dg]
0o 0 I,

From equation (3.115), the following expression barderived:

M 1 0 J iizzajiz - ‘]iiyyai)ly ai‘fx
M T = M = _J:z -iz 0 ‘]iix ii>< d')l
o 7| Ma | %) st O Tl ) & (3.116)
M3 ‘]iyyajly _‘]ixxa‘?x 0 CL&
=X (Jii(‘j X‘P
Similarly, the EJS for the forces called EJS-Fsi®quation (3.117):
ngro—F = ail xm\};:i (3117)

Wherev‘ci:[\/ v, \‘/dZT.

cix ciy

In multiband notation, it has been shown that ti& Enay be represented by a nonlinear

three-port gyrator.

I: J)
M gyro-T
0: 7 1 Lii MGY
. i M gyro-F
0:F (&8 MGY
- 7

{

I:m
Figure 3.32: Nonlinear 3-port gyrator compositidredS

Figure 3.33 shows the detailed bond graph reprasens of the Newton-Euler’'s equations.
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Figure 3.33: Bond graph models of the Newton-Egleduations (a) EJS-T (b) EJS-F

3.2.3.5 Bond Graph Modeling of a Link with a Joint

The bond graph model of a link including a jointdute is illustrated in Figure 3.34. This
model is derived based on the exchange of powemnanegment between the constituents of
the physical system corresponding to the NewtoreiE@rmulation. To represent the
dynamics of a link with a joint, the bond graph Fiure 3.34 is augmented with inertia
elements, and the linear velocity of the centemasts is described. First, an external velocity
source Sf is supposed to act on a O-junction astbiter angular velocity. At the left side the

diagonal moment of inertia matri¥ is connected as an I-element to the I-junctiorthef
rotational velocities in the body frame. At thehtigide the mass matrix is connected as an

I-element to the I-junction of the translationalloaties in the body-fixed frame, together
with the gravity force source Se. The gyroscopicds which act between these velocities are
represented by the modulated gyrator MGY. BecahseBuler equations represent these
forces, the MGY is referred to as an EJS. The nmggnof all the transformers MTF are
shown in Figure 3.34.
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Figure 3.34: Bond graph representation of limkth jointi
3.2.4 Bond Graph Modeling of Dexterous Hand
3.2.4.1 Bond Graph Modeling of a Finger

As mentioned above, the dexterous hand is compokéde chains of rigid bodies (links)
connected by joints. Thus, the bond graph mod#h@texterous hand can be considered as a

combination of five bond graph models of the firgger

In this thesis, each finger consists of four jairffke simplified bond graph of a finger is

shown in Figure 3.35; similar graphs are implemeiae the other fingers.

) Joint1 Joint2 Joint3 Joint4
Translational

. .Sﬁlj

locity_b

C) L o ) ) Link )
fi—~

Velocity basei

Figure 3.35: Model of finger kinematic chain

A bond graph model of this kinematic chain can s@ldished through the connection of the
links and the joints. The joints and the links las submodels in Figure 3.35 can be replaced
by Figure 3.28 and Figure 3.34 respectively. Agya body, the bond graph of each link also

should connect with EJS which is shown in Figu@23and Figure 3.33. The flow sources are
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the translational velocity and the rotational vélpof the base framé&; of fingeri attached

to the palm. These velocities are dependent orveleity of the palm and the position of

frame X in frame %, .

3.2.4.2 Bond Graph Modeling of Hand

The fingers are mounted on the palm directly. Tloees once the bond graph model of every
single finger is known, the bond graph model of hiaad with respect to the palm can be
easily constructed on the basis of the constantolgemeous matrices corresponding to the
coordinate transformations between the base frashd®e five fingers and the palm. Figure

3.36 illustrates the bond graph model of the whigeterous hand with five fingers.

Joint11 Joint12 Joint13 Joint14

Sf1
| F) Link11< )LinklZ( )Linkl3< )Link14
STIf
Joint21 Joint22 Joint23 Joint24

stﬁﬁ(“)mkﬂ( Yoz Jvimkay )Link24>

st}

Joint31 Joint32 Joint33 Joint34
Translational

velocity_palm Sftj Coordinate Sfjj . . . .
Rotational Tmn>l‘m'|n."11im|> Link31 Link32 ) Llnk33( Link34
velocity_palm Sftﬁ Sﬂ}t:
Joint41 Joint42 Joint43 Joint44

@@=z @z=p

St——~

Joint51 Joint52 Joint53 Joint54

Sfjjﬁ) Link5 I< )Link52< )LinkSS( ) Link54 )

st—~
Figure 3.36: Bond graph model of dexterous hand

3.2.5 Modeling of Mobile Platform

A mobile platform consists of left and right wheklve subsystems and a rigid chassis. The
bond graph for a differential wheeled robot is shawFigure 3.37. The 1-junctions represent

the common velocity points, e.g., the rotationdbery of the left wheelé'{, the rotational
velocity of the right WheeE'?r , the forward velocity of the robat , and the rotational velocity
of the rigid chassisuy, . The O-junctions represent the common force ppets, the forces on
the left and right sides of the robdt, and F, . The wheel subsystems include the flow
sources &f and St ), and the inertial elements (I) that model the efhmassm, and the

inertia |, 1, . The resistive elements (R) (with parametBrsand R ) model the energy

wl ?

dissipation (i.e., friction) in the wheels. Thernséormers (TF) model the transformations
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between the linear and rotational velocities. TH&ssis subsystem includes the inertia

components that model its masg and rotational inertid, .

R:R I:m,
wheellL X/\
St | | LA |
1l 0F 7 TF | v 7L 0 | TF
Ty |
. b/2 .
I m ITI 1=y ALT
St | R /\
1 O—TF v 711 0—ATF
ry '
wheelR i /\\/ 2/by
" R:R I:m,

Figure 3.37: Bond graph model of differential wieskimobile robot

3.2.6 Connection between Mobile Platform and Manipul  ators

Figure 3.38 shows the bond graph model which cdsnide manipulators with the mobile
platform. The blocks “wheel” and “link 1” are the submodels containing the mlodf a
conventional wheel and a link as discussed earlise mobile platform consists of two
wheels and a base. All the forces applied by theelhto the base can be summed. In the

bond graph language, this is represented by a IiqumcThe Sf elements §f and St) are

the flow sources which apply the angular velociteghe axis of the wheels. R element
(resistance) and & element (stiffness) can be found in the model s€Ehements only act in
thez direction of the base and represent the contabtte floor. Since the floor is very stiff
and has a high resistance, the values of thesectwaponents are high. Without these

elements, the robot model will accelerate in thgatigez direction due to the gravity.

Sf —A wheel L
Motor L

Sfr ——  wheel R
Motor R

Figure 3.38: Bond graph model of connection betwmaebile platform and manipulators
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As described above, the mobile platform is conrtedte the first link of the robotic
manipulator (the waist). However, in the bond grapidel they cannot be connected directly.

The model of the mobile platform provides rotatiamd translation to the first link. These
velocities are applied in a point of the linR,; is the rotation matrix between the first link
(frame 2,) and the world coordinate frame (frahg ). «f andvg are the angular velocity

and the linear velocity of the connecting pointwextn the platform and the first link and

written in the world coordinate frame.

Angular velocity of joint 1 expressed in framg:

(’i = Rlo(ag + &zctl) =R, Rs C‘% + Rloagct. (3.118)

Linear velocity of joint 1 expressed in frame:

V=R = RoRs ¥ (3.119)

Since the position of the base is required in datiwg R, , an | -block has to be added. This

block calculates the position based on the cupesition and rotation of the base.

3.2.7 Bond Graph Model Validation

In order to validate the bond graph model of thespeal assistant robot some simulations are
carried out in this section. All simulations areséd on a control system using Matlab. A
toolbox BG V.2.1 in Matlab/Simulink is used for sifation and validation. Though many
bond graph-based simulation software packages\aiéable, at academic institutions level
and in most industries, Matlab/Simulink is the s@ifite which is used more often for studying
dynamical systems. Using this toolbox the bond lgraypdel is directly built in Simulink.
This toolbox only consists of 9 blocks which whollgalize the necessary functionality.
Figure 3.39 shows the bond graph model of oneusikg this toolbox. By comparison, it is

obvious that this model is consistent with the bgraph model shown in Figure 3.34.
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Figure 3.39: Bond graph model of using BG V.2.1
3.2.7.1 Bond Graph Validation of Dexterous Hand

For the validation, we also use the precise mathieatanodel to calculate the joint torques

as the inputs of the hand’s bond graph model. Tdwred joint trajectories for a finger are
given as:

[qfll Gio O ss 0(14]T:[0.2512 0.2 0.1% O.If]T

x 10
0.25 T T T T T T T T T 4.5
joint1 al ointl
joint2 !o!ntz
0.2} joint3 b 35| J.o!m3
joint4 , ’ foint4
/ 3
0.15- ) = g 55l
3 // T
g P g Ll
p S
01l / i =
15} B
e
1L
0.05- B
0.5F
0 0 = — —_—

0 o0l 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 1

(a) Time(s) v ' (b) ° Time(s)
Figure 3.40: Simulation results (a) Joint trajeet®i(b) Joint torques
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Figure 3.40(a) gives each joint’s trajectory and tbrques obtained from the mathematical
model are shown in Figure 3.40(b). We can seetligasimulation results in the above figures
are the same with those shown in Figure 3.25. herotvords the bond graph model is
accordance with the mathematical model. The ofingiefs’ models can be validated by the
same method. The simulation results have showrffieetiveness of the bond graph model

of the dexterous hand.

3.2.7.2 Bond Graph Validation of Mobile Manipulator

In the previous subsection we have validated thed lgyaph model of the dexterous hand. In
this subsection we will validate the bond graph elaaf the mobile manipulator excluding

the hands. For simplicity, we also neglect the ortiof the neck. This simplified robot has
18 DOFs (a 2 DOFs mobile platform, a 2 DOFs waikt awo 7 DOFs arms). Assume no
disturbances and uncertainties. We have known twetsidering a typical wheeled mobile

manipulator subject to kinematic constraints, tieasnics can be in the form:
M{+Cl +F =Fr

Assume that all the parameters of the mobile maatipuare known. Based on the accurate
mathematical dynamic model, an open-loop contretesy is established to obtain the joint
torques. We apply these torques as the inputseobdimd graph model to track the reference

trajectories. Let the desired output trajectoriespecified as follows.

The reference velocity vector for the mobile platias designed as:
[v, @] =[0.1 o0.08]
Meanwhile, the reference trajectories for the omtbo@aist and arms are given by:

Quaq :O'ltz’qwzd =0.2° Org = 0.3 Ohoa = 0.8 Qa = 0.6 Qu = 086 Qg = 0t7
Goa =08,y =0.9° gy =-0.F g =— 04 ¢ =- 08 g, =- 06 ,
Osq = —0.7t° .0y =-0.8° g, =-0.9°

Numerical simulation results illustrated in FiguB&1l show that the desired trajectories are
well tracked through the open-loop control systé@ims indicates that the bond graph model
of the dual-arm mobile manipulator is identicallwihe mathematical model. The results also

demonstrate the usefulness of the bond graph agprmanodeling a complex system.
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Figure 3.41: Simulation results (a) Joint anglesvaist (b) Joint angles of right arm (c) Joint
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CHAPTER4 MOTION PLANNING AND CONTROL

4.1 Path Planning Approach for Redundant Manipulato  r
4.1.1 Introduction

Personal assistant robots operating in human-chtenvironments should be able to plan
collision-free motions for grasping and manipulattesks. In this subchapter the problem of
collision-free path planning in robot joint space & redundant manipulator with the given
desired pose (position and orientation) in taskcepa considered. An example for this kind

of problems is described in Figure 4.1.

Searching for an
optimal configuration

Obstacle

Figure 4.1: An example of collision-free path plargproblem

Because of the ability to solve very complex, hdimensional planning problems and the
relative ease of implementation, RRTs have beed us@ huge range of motion planning

problems. JT-RRT was proposed in [138], which ietres growing a tree randomly and
growing a tree towards a goal using Jacobian tsespAn advantage of the method is an
analytical solution of IK is not required. [139] gposed two probabilistically complete

algorithms, the IKBIRRT and an extended versiorhefiT-RRT.

In this subchapter, a new algothrim based on RRgresented. For orientation, quaternion
representation is applied to give singularity-fiiréentation control. A hybrid algorithm of
combining RRT method with the Jacobian pseudoirevalgorithm is presented. The nearest
configuration point to the task space with the guade is taken as the expanded node of the
tree. The best expanding direction is calculateth ilhe Jacobian pseudoinverse control
algorithm. And the velocity of the end-effector ahd joint velocities of the manipulator are
restricted by using the bisection gradient-deceterel algorithm to avoid the occurrence of

joint velocity mutation.
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4.1.2 Problem Formulation

(a) Orientation tracking

Position is well described by a position vecir but there is no general method to describe

the orientation. The application of unit quaterninmobotics has increased in the latter years.
Quaternion instead of Euler angles is used to estirthe orientation (pitch, roll and yaw
angles) because of its singularity-free orientatepresentation. It seems to be the preferred
method to formulate the end-effector orientati@cking control problem. It was invented by

W.R.Hamilton in 1843 [140]. A quaternion has 4 caments:

q=(q, +ig, + jg, tkap) =q, +q, (4.1)
where q, = q,, q, = (iq + jo, +kg,) , i"2=j"r2=k *"2=-1 jk=-kj =i, ki=-k=}],
ij =—ji =k andq is subject to the constraint:

q'q=1 (4.2)

Consider an DOFs manipulator with generalized coordinaﬁ?es[é?L Q]T. In order to

distinguish quaternion from generalized coordinatesthis subchapter, the generalized

coordinates are denoted By

As mentioned in the kinematic analysis section,rdtation axis can be represented wRh.

It also can be represented with the composite mtdalgpia unit quaternion as follows [141]:
R(6)=(q,-a,/a)k+290, -29,%q, (4.3)
where 1, is a 3x3 identity matrix.

Similarly to (4.3),R%, which represents the desired orientation can lagedtto a desired unit

quaternion, denoted by, d,,]"00 *, as follows:

R?d (6) = (qi/d _q vqu vd) I3 +2q vtg vt-jr _zq vdxq wi (44)

To quantify the difference between the current treddesired end-effector orientations, we

3x3

define the rotation matriR [ as follows:
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R = RR; (4.5)

The unit quaternion tracking errey I * can be derived as follows [141]:

T
eq :|:QN:| :|: qwqwd +qv qu :| (46)
ev qqud_qwdq v_q vxq vd

which satisfies the constraint:
€€ =€,+¢qe=1 4.7)
The control objective is formulated as follows:
.
e,=[*1 0 0 g (4.8)

Orientation error in this subchapter is definedngsthe quaternion and the coordinate
transformation matrix. For orientation control, [42], the orientation error is formulated

using the unit quaternion as:

(4.9)

D
1
LD

(b) Path planning of a manipulator

The personal assistant robot is designed to wohkiman-centered environments where there
are many obstacles. So for grasping an object aktagks have to be solved in general, like
reaching the desired grasping pose, solving IKfarting a collision-free grasping trajectory.

The path planning problem can be described aswsllgiven an initial configuratio® . in

init
joint space and the desired po)égz[ Py daT of the end-effector in task space, find a

continuous collision-free path which satisfies tlo@straint equation:

X,y = Forwardkinematicsé, (4.10)

oal

where p, andq, respectively denote the desired position and tatem of the end-effector.

(c) Obstacle detection and avoidance
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For obstacle avoidance, it is often demanded terdete the minimum distance from the
points on the manipulator to the obstacles is gredtan a pre-set minimum value. To
generate a feasible path in an obstacle-ridderr@mwient, the algorithm proposed by Sean
Quinlan [143] is used for the present problem. Tigerdhm essentially gives an upper bound
for the distance and any point on the geometryhef manipulator can move for a given
change in the configuration. This method is prodoss® computing some collision-free

bubbles around the configuration of the manipulatath revolute joints. These bubbles

represent the associated free space (Figure 4.2).

circle1 circle?

Figure 4.2: Collision-free bubbles

Letd be the minimum distance between the manipulatortia@abstacles in the environment.
Also, suppose that for each joint of the manipulatoradiusr is determined such that the
cylinder centered along the axis of the joint corgaall the subsequent links of the
manipulator. The principle is shown in Figure £8nsider a 3 DOFs manipulator, since the
manipulator is planar, the bounding cylinder becemaeircle. Circle one contains the entire

manipulator, circle two contains link 2 and link &d circle three only contains link 3.
Consider moving the manipulator to a configuratéiby first rotating joint 1 to positio,.

From the bounding cylinder at joint 1, we know thatpart of the manipulator will move a
distance greater tham|g, -6, |. Next, joint 2 moves t@, (link 1 does not move), and the
other links move a distance no greater thaf@, -6, |. Each joint of the manipulator is

moved in turn, and the total distance traveledhagé motions is bounded by:
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Sr16-4] (4.11)
i1
We can specify a joint space bubble by:
/19:{5":%i |6f—¢?|<d} (4.12)
i1
A set of bubbles are used to describe the loc& $mace around the configuration of the

manipulator.

4.1.3 Jacobian Pseudoinverse Algorithm

(a) Inverse kinematics solution

The differential kinematic equation, in terms other the geometric or the analytical
Jacobian, establishes a linear mapping betweejoihiespace velocities and the task space
velocity, and it can be utilized to find the jowelocities. The differential kinematic equation

that expresses the relation between the end-effeetocity and the joint velocities has the

\ J, |
\ —LJ —[J }9 (4.13)

where 6=[4 6, .. Q]T is the joint velocity vector,v=[x y 4’ and

following form:

a):[@ ) agT are the linear and angular velocity vectors ofehd-effector.

J, can then be written as:

o |2y 2y 9Y (4.14)

where p=[x vy z]T denotes the position of the end-effector.
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And J,, can then be written as:

Ay B e By
J,=la, &, ... a, (4.15)
Q, &, .. A

where|a, 3, qZ]T which was mentioned in equation (3.3) denotegdkation axis z of

jointi in the base frame.

Based on the kinematic analysis, the end-effectigntation is expressed by the unit

quaternionq which is related to the angular velocity of thed@ffector via the following

differential equation [141]:
q=B(qw (4.16)

Thus, the relation between the joint velocities dne end-effector velocity can also be

expressed as follows:

pl [ %@ 1, . _ ]
{GHB(%(@}&’ 3. =[3, B@)] (4.17)

Due to the non-square Jacobian matrix for the rddonh manipulator, the basic inverse

solution of (4.13) is obtained by using the psendeiseJ’ of the matrixJ and the inverse

solution can then be written as:

6=JV (4.18)
where the pseudoinversE can be computed a& = J'(J J')™.

In the absence of any obstacles, internal collisiongoint limits, this simple controller is

guaranteed to reach the goal. However, the pseuelsi@ tends to have stability problems in
the neighborhoods of singularities. If the confajion is close to a singularity, then the
pseudoinverse method will lead to very large changethe joint angles, even for small

movement in the target position. The pseudoinvdras the further property that the

matrix(l —J/J,) performs a projection onto the null spaceJpf
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A common method including the null space in theisoh is given by [144]:
x=J"y+(1-3"J) z (4.19)

The first term is the particular solution to thereénse problemlx= y, and the second term

represents the homogeneous solution to the prodidm J'J)z=0.

By using (4.19), the general inverse solution Fa tedundant manipulator is written as:
0=IV+(1-373)¢ (4.20)

where ¢ is an arbitrary vector that can be used for oation purposes and the matrix

(1 -373,) projects the joint vectop onto the null spacél(J,).

(b) Redundancy resolution

In velocity based control, given the desired tgs&ce positionp, and orientatiorg, (as a

guaternion), the linear velocity and the angular velocity in task space are derived with

position control and are defined as:

v=k(p = P (4.21)
w=kye, (4.22)
wherek, andk, are positive.
[ Py qd]T+ Inverse 7 6| Robot [p Q]T
k . > J‘ > .
a solution Kinematics

Figure 4.3: Jacobian pseudoinverse algorithm

According to Figure 4.3, we obtain the followinghtml| algorithm:

6=kd'e+(1-JJ)¢ (4.23)
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where the position and orientation errors in taslpace are defined as
e:{eﬂ { Pa ™ p}u]] ° andk:{ % 03*3]
eO Q/ O3><3 k0
A typical choice of the null space joint velocitgator is given by [144]:
OW(6)
=k, (—— 4.24
9=k, ( Y ) (4.24)

with k, >0. w(6) is a scalar objective function of the joint vates and(a\/(;/—(;))T is the

vector function representing the gradientvof

By suitably choosingv, one can try to achieve secondary goals in addifomaking the
end-effector track the goal pose. In this resegugt, the joint limit avoidance is considered
as the optimization objective, and the objectivection is the distance from the mechanical
joint limits, which can be defined as:

1<, 8-8
w(f) == ! )2 4.25
(=22 IR (4.25)

m

where 8, (4,,) denotes the maximum (minimum) limit féf, and§ is the middle value of

the joint range. Thus the redundancy may be exgudid keep the manipulator off the joint

limits.

Note that the algorithm requires that all the exgegoint angular velocities can be reached,
but because of the joint angle constraints andadih&tacles, the joint cannot change the
configuration in any direction. To solve this preil, in this section, bisection method is used
to choose the displacement of the end-effector @det@rmine the feasibility of the joint
angular velocities to limit the joint velocitiescathe velocity of the end-effector.

4.1.4 RRT Method based on Jacobian Pseudoinverse Alg  orithm

This section improves the basic RRT algorithm asekuhis proposed method for the motion
planning of the redundant manipulator. RRT is & ttemposed of nodes which represent
configurations in the search space. The RRT grguwtitess causes it to rapidly expand
throughout the space. Considering the characten$tinulti-joint, we use this method in joint

space. The basic principle of RRT algorithm camléscribed as follows.
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Figure 4.4 describes an example of how the basit RBrks. The blue circles represent the
configurations that are already in the tree. Iiiitithe tree has only one node located at the

starting state. Firstly a search tree is generatad this initial configurationd . , and we take

init ?

this configuration point as a parent node. Thencheose a poing,, at random in the

ran

configuration space. We fing_,,’s nearest neighbor in the tree and that configomais

denoted a¥

near *

Next we try to connedd,_ ., and g,

near

using a simple local planner, which
essentially just moves from one configuration to élleer until it encounters an obstacle. If
the local planner succeeds in reachél)g,, it is added as a new node in the tree. Thisistep
repeated until the manipulator reaches the goapicaily the search is only allowed to

proceed in a small stepd, in which case the location reached (calltg,) is added instead.

The new nod&?

new

regardsg

near

as its parent node.

@ Configurations in the tree

@ Goal configuration An obstacle

’ EXTEND advances to the distance at most 56
Figure 4.4: Basic RRT principle

Basic RRT algorithm

GENERATE_RRT@,,, M, At)

it
1. T.init(4,);

2. Form=1toMdo

3. 8, ., RANDOM_STATE();
4

rand

6.... -« NEAREST_NEIGHBOR@,,. T);

near

m

EXTEND(O,...» 6.n4)

o

00 — SELECT_INTPUTO,..» Ghear);
7. 9., — NEW_STATE@

new near’

30, Ab):
8. T.add @

new)’

9. ReturnT;
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As can be seen from the above algorithm, beforanpghg, a goal configuration should be
given in joint space in advance. In practice, tbalgoint is usually given in task space, and
then the configuration is obtained by inverse kiagos. The pseudoinverse of the Jacobian

matrix is used to improve the RRT algorithm asdof.

During the expansion of the search tree, with podiba p, the tree is grown towards the
goal and with probability 4 p, it is grown randomly in joint space. When growiagdomly,

it is exactly as in the basic RRT algorithm. Wheovwgng towards the goal, we select the
node closest in task space to the goal ng& and then use the pseudoinverse of the

Jacobian matrix on this node to determine the esipardirection. To avoid the occurrence of
mutations of joint and end-effector velocities Ive texpansion direction, RRT selects a new
node along the expansion direction which is deteechiby the bisection gradient-decent
extend algorithm. During the expansion, a failuogird of a node is incremented when an
attempt to add a new branch fails because the nelg rnot collision-free (computing
collision-free bubbles) or does not yield a lowealdistance than the old node. When the
number of failures exceeds the predetermined véheenode is removed from the search tree.
This phenomenon indicates that there is not alfEagath from this node to the goal node.
The parent node of this removed node is return@@nTRRT repeats the above process and
randomly selects a node to expand the search mtdehe distance between the end-effector
and the goal is less than the predetermined vdlue concrete realization of this algorithm is

as follows:

@ RRT method based on Jacobian pseudoinverse algporit
Onew = { it}
while (DistanceToGoa(©
p=Rand (0, 1)
If p< pr
0,.., =GradientDecentExtend( )

) > DistanceThreshold)

new

Else
O,., =BasicExtend()

@ Gradient DecentExtend ()
6,, = ClosestNodeToGoa( );

Xold = KinematicsSolve(8,,,) //End-effector position and orientation
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AX = Xgoal — Xold //Distance to goal
For j = 0: 1: N //Bisection gradient-decent extend
AXstep AP /2!
If |AXstep | @ Xmax //Limiting the velocity of end-effector
0,., = ComputeNewNode( 8, , AXstep)
Orow = Ope + { Gy}
Break
Else
Continue

® Expansion procedure:
ComputeNewNode( 8, , AXstep)
If [AXstep | <
return @,
Else
J =ComputeJacobian(g,,)
A8 =kJI'AXstep+ (1-J'J p
If |A @] <A @max //Avoiding a sudden change of joints
6., =0, tAO

new

If CollisionFree(8,,,)N(DistanceToGodld,,,) - DistanceToObstak,,))

< (DistanceToGoe(lHnear) - DistanceToObsta(mar))

return @,
Else
IncreaseFailureCount(6,,, 1)
If failureCount > f
remove(8,,)
6, «— Parent(g,,)
return 8,
Else
Continue
Else
Continue

where functiorKinematicsSolve( ) gives the forward kinematics solution for todot.

147



4.2 Path Planning Approach for Mobile Platform

[145] extended the basic RRT concept to createlgorithm called RRT-Connect. RRT-
Connect which is a variation of RRT is applied be fpath planning problem of a mobile
robot that works in an environment with obstaclegure 4.5 is an example how RRT-

Connect works. The planner maintains two RRTs, teehf, and T, rooted atq,;, andq,,

respectively. Their nodes are depicted in differepibrs. At the beginning, the trees only
contain the initial and the goal state, respecyivéhe planner starts by picking a random
node and extends the tree on the left to this randode. Then, the tree on the right hand
side is extended to the newly added node in therke#. The planner then switches the roles
of the two trees: in the following iteration, wetemd the tree on the right hand side and
extend the tree on the left to the new node irritji@ tree. Eventually, the two trees meet and
the planner returns the corresponding trajectory.

Goal configuration

Configurations in the tree T

Configurations in the tree T,

)
®
®
®

Initial configuration

Figure 4.5: An example of RRT-Connect

Although RRT-Connect algorithm has been provedawdéry successful, we still can find an
optimal path in a local search task. Figure 4ugsthates this problem. In Figure 44,B and

C are three adjacent nodes. When the robot moves Ar¢onC, the local path searched by
RRT-Connect is composed of segmeAd and BC. But if the robot moves along the
segmentsAD and DC, obviously, the length will be shortened. Consedjye this path is
closer to the optimal path. Here, a path optimaratalgorithm based on modified node
enhancing strategy is proposed. The node enhameetbod is used to optimize the initial
planning by using the basic RRT-Connect algorithine, original path nodes are gradually
substituted by some new nodes, and the numbereointtection points on the path will be
reduced greatly, thus the path length will be sart
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A D
A
D
=\
c C
Figure 4.6:Local path Figure 4. Principle of node enhancing method

A1
B4

B3

Figure 4.8: Improved node enhancing method

Node enhancing method chooses some new nodeslé&eegpme old nodes in the original
path in order to decrease the inflection points s shorten the length of path. The basic

principle is shown in Figure 4.7. The optimizatsieps are as follows:

* We adopt binary search algorithm to detect collisim the segmerRC. If one point
is detected collide with some obstacles, we stopglétection and record the collision
point denoted aB.

* We takeB as the pedal to draw a vertical line of segm&@tand takeh as unit
length to extend the line along both sidedfin turn in order to find poinD. D is
the first point that makes segmeAD and segmenCD satisfy the collision free
detection. Unit lengthh is the smaller the better, but at the same time the
computational cost will become large. Banust be properly selected. As mentioned
above, we adopt alternate collision detection alootly sides oAC which lowers the
computational cost.

On the basis of basic node enhancing method, weowepthe above algorithm. Figure 4.8
depicts this improved method. Line which is composed of point&; is the original path
before optimization. It contains seven nodes. Felino right, they are marked as, A, As,
A4, As, As and A;. Now we conneci; and other points (fronds to A;) in sequence and
successively determine the feasibilityAsfs, A7As... until encountering the first node which
is not feasible44 in the figure). Here, the feasibility means catlisfree. The segmert;A,

collides with an obstacle. A new noBgis added to the path betweapandA, according to
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node enhancing method. Then the nodes betweandAs are deleted (includings). Taking

A7 asB; and takingB, as the start point, the above search is execui@d agtil encountering
an infeasible pointAg). Then we use the same method to 8ddo the path. The nodes
betweerB, andAgz are deleted (includingg). On the analogy of this, we find new nodes until

arriving the endpoint and denote the endpoinBas At last, a new path is found (lir@in

Figure 4.8).

4.3 RBF Neural Network Adaptive Control of Mobile M anipulator
4.3.1 Introduction

We have known that it is difficult to control a miEbimanipulator due to nonholonomic
constraints on the mobile platform and the dynamtieraction, especially when the dynamics
of the robot is partially or completely unknown theere exist disturbances. NN has strong
self-learning ability and has good capability fére tidentification of complex nonlinear
dynamic systems. In resent years there has bemwéng interest in the motion control using
NNs. A NN-based methodology is developed in [11] fbe motion control of mobile
manipulators subject to kinematic constraints. @gaamics of the mobile manipulator is
assumed to be completely unknown, and is identifiedine by the NN estimators. In [146]
an adaptive hybrid controller is proposed. Thistamler consists of two parts: one is for the
tracking control of the mobile platform in kinentsi The other part is for the robotic arm in

dynamics. RBFNN is adopted for unmodeled dynamickexternal disturbances.

In this subchapter, a new motion control methodg&#BFNN, the GL matrix and its product
operator is presented. The dynamics of the mobdaipulator is assumed to be completely
unknow and there exist some disturbances. Therdifte between this proposed method and
those proposed in [11] and [146] is that this nentl law is not only applicable when the
dynamics of the robot is completely unknown, bgbatapable of approximating all uncertain
inertial system parameters separately.

4.3.2 RBF Neural Network Modeling of Mobile Manipul  ator
This section discusses the NN modeling of a mofmigipulator. Assume that the mobile
manipulator hasp generalized coordinates denotedgaand the dynamic parameters of the
robot are completely unknown. Define as p=m+ n, wherem andn are the numbers of

generalized coordinates of the mobile base andnéeipulator respectively. A RBFNN is

used to identify the unknown mobile manipulator ayncs and disturbances. For
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differentiating the number of nonholonomic consttsifrom the error dynamics, in this

chapter, the nonholonomic kinematic constraint ixa#f(q,) is assumed to have full rank

r'.

We have already known that a general nonlineartimmcf (x) can be approximated by a

RBFNN as:

F()=W'g(Q+e( (4.26)

with £(x) a NN functional reconstruction error vector.

From the dynamic equation (3.14), bd¥h(q) and F (q) are only the functions of, hence,

static NNs are sufficient to model each elemenhématrices [147]:

m, (a) :IZ@kufku () +&mg (9 =654 (9 +€mg( 9 (4.27)
fi (CI) ZIZIBklakI (Q) +5ﬂ<(Q) ZIBIJK( Q) +5ﬂ<( G) (4.28)

whered,,, B, 0 are the weights of the NN, (q), g, (q)0 are the corresponding

Gaussian basis functions with input vecwr, ¢,,(q), £,(q)00 are respectively the

modeling errors ofn, (g) and f, (q), and they are assumed to be bounded.

WhereasC( g, ¢)is modeled using dynamic NN with the inpufsand ¢
G (q’ q) zzakjlckjl ( Z) +t &y ( 3 zaijij ( 3+5ckj( ? (4.29)
|

wherez=| ¢ qT]T M *°; a,, 0 is the weight;§,, (z)D is the corresponding Gaussian
basis function with input vectar; &,,(z) is the modeling error of, (q, ¢) , and it is also

assumed to be bounded.
m, () =85 (9 + & (9 (4.30)

G (0 0) = a6y (9 +eu (2 (4.31)
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f(a)=Bio.(a) +&4(0) (4.32)

M, C, F can be rewritten using GL matrix [147] as:

Vi={g"{Z(@ |+E;(a (4.33)
c=[{4"{z3 |+ (3 (4.34)
F=[(8"{HQ J+E(@ (4.35)

where ©, =(q), A, Z(2), B, H(g)are respectively the GL matrices and vectors witl t
elements 6, a,;, B, $41 60 3 Eg(d), B(2, E(9 are the matrices and vector
composed of the modeling errogg,, £, £, The ability of RBFNN to approximate

continuous functions has been widely studied [148].

4.3.3 Controller Design

We consider the control of a mobile manipulatorjsabto kinematic constraints when the
parameters of the dynamic model are completely owkn Unknown dynamic parameters
and disturbances should be identified and compedsatclosed-loop control using RBFNN.

For a differential wheeled mobile platform, let irack the reference trajectory
q, =[x ¥ @] and the reference velocity, =[v @] , where[x y] are the
desired coordinates of the center of mass in thddwapordinate systemg is the desired
heading angle of the platform measured fromais of the world coordinate system;

and a are the desired linear and angular velocitietiefrhobile platform.

Define the tracking error as:
- - - T
q=[% ¥ ¢ (4.36)

wherex =x - x, ¥, =y, — ¥, andg= ¢ - ¢.
Representing this tracking error in the moving feaxyz as:
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e=[e ¢ g] = TWOg (4.37)

coy sing O
whereT (¢) =| —sing cosg
0 0 1

To achieve the asymptotical position tracking &pibf the mobile platform, the velocity

control law for the system is adopted as [149]:

a:{w}:f‘“m%_Kg } (4.38)

w +k,sine,+yk e
wherek,, k, andk, are positive constants.

Assume /7(,(t):[vd w, G4 - qnd]T is the desired velocity vector of the mobile

manipulator andy(t) :[vc w, ¢ - (':L]T is the practical velocity vector of the mobile

manipulator, define:
e(t)=n, (1) -n (1) (4.39)
r(t)=e+Afe (4.40)
where A is a positive definite matrix.

Assumption: The desired reference trajecthAM(t) is assumed to be bounded and uniformly

continuous and has bounded and uniformly contingeusatives up to the second order.

Lemma 4.1: Let e(t)=h(t)Or(t) where “** denotes convolution product and
h(t):L‘l(H(s)) with H(s) is an nxn strictly proper, exponentially stable transfer

function. Thenr OL; implies thateO L5 L;,, €0 L5, e is continuous, ané - 0 ast — o,

if, in addition, r -0 as to o then €é-50 [150], where

L, é{” f, :m f|2 dt < oo, finite energ}/, L 2 {” . :f{gg | f] < o0, bounded sign}_
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Define the tracking errors as

r=rn. -1
which lead to their time derivatives:

=0, =]
The controller is proposed as follows:

S'E= l\i/lr7'r+€27r +F+ Kr+U,

(4.41)

(4.42)

(4.43)

where K ORP™ s 0 js a positive controller gain and , C, F represent the estimates

of the true parameter matrices and vector. The finsee terms of the control law are the

model-based control, whereas the tekm gives the PD control. The last tefth is the

robust controller for compensating for the appraadion errors and uncertainties.

Applying the control law to the mobile manipulatdynamics yields the tracking error

ser={{¢’ {4 91}} & (Ja+{[{ K +{ e} ]+ e
(87 {H 9} ]+ & (a.
yicl { qﬂm (A {23 o[ B 4]

Substituting the above three transformations iatd4) yields:

{8} @ o +[{A {23} o+ {3 { H g ] we u
CREOTEICRECIAN R ET)
(8" (=@} o -[{B " {2(F | -[{B"-{ "3 Jr ke u

Using (4.45), (4.41), (4.42) and rewriting (4.4481d:
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Simplifying the above equation:
([{a™ (=9} [+ s () r+{[{AT-{2 B ]+ &(H

(4" oA (2 o [(¥ (] e
A IR

+E +71,
where®=0-8 A=A-A B=B-B E =E, (g +E(Jn, + E( 4.
Then we obtain:
M (q)i+C(q, ¢) r+ Kr+U,
"z} ]+ [{A" {2 e [{ B MG
. . % N

(4.48)

{
B

The uncertain ternE=E + E, +7, is assumed to be bounded “@HSl//, and the upper

boundy can be estimated on-lin&, is the higher-order term which will be discussaie1.

The robust controlled, is proposed as:
U, =¢sgn(r) (4.49)

where is the estimated value of the uncertain term bagind
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In this section, Gaussian function parameters cet@nd widthsb are the estimates of the
optimal parameter vectors for the NN and are upbateline. The hidden-layer output error

@ can be approximated in terms of Taylor seriesJ151

§=¢-9 =p.L+p.p+0 (4.50)
where
4 =| 00 %, |
“|oc oc T ac |,
g, =|09. 30, %]
" [ab’ab " ab | .

n, is the number of the hidden neuroi¥;denotes a vector containing the higher-order

terms.

The parameter adaptation laws of the NN contralierupdated on-line as follows:

A

2 =I'k°{£k(q)} 0

7= Q. +{c.(Z} .1,

B = Nk-{ak(q)} M

g, =T.r.sanf, )

Cy =y *{&d 611 €, = B, { ¢k a0 .10 G, = E{ o) Bt

65k = |5k .{fkl} ék/7rrk’ Bak - Iak.{ <.l}b éflgrrk’ Bﬁk: lﬂk{ a}kb ﬂ'\l: K

TQ :
I

(4.51)

where

ro=ri>0,Q =q >0,N,=Nf >0,T, > 0,E, =E} >0,E, =E} >0,E, = Ej; >0,
ly =15 >0, 1, =15 >0,1, =1; >0, g, and &, are the vectors ofékj and a4,
respectively.

Theorem: Using the control law (4.43), if the paedens are updated by (4.51), then

e I converges to zero assto.
« e andeé converge to zero as+o.
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Proof. Choose the following Lyapunov function catade:

V:%rTM( )r+= ZHT MG += z a = Zﬁ[N

18 _ N . 15 . .
+t5 T ! wt Z kCHk Z (ikl-_;lkg k+_z §k|§-lk9h (4-52)
2 k:1 2'3
18~ _
+§ ok Hlilb +— Zb;k atbak-i- Zt}zklﬁk k
k=1

Differentiating V obtains:
V = "N + 1 N +§9TF‘1§ +§Zrb a +§,B~TN 3
- 2 k 'k Yk k=" k k k k k
k=1 k=1
p= p-r’ ) pr .
+z¢7kT wk+z ekEkaek'l'z N‘ikglk@ k+z §k§lk§k (4-53)
k=1

z | ok 9k+zb;k ;ibak-i-z kalpk k

T

T

Through property 3.2M(q)—26(q,'q) is screw-symmetric themT(hﬁ—ZG)r =0, the

following equation can be derived:

V =r"Mr +r'Cr +Z6’T 6, +ZG'IQ_1~ z NB,

K=l

lﬁk+zcﬁkE9kC9k+kz ‘ikgkgk Z §k§lfﬁ3k

k=l
p_r T [ T | N
bek Hkb z bak akbak + z k /3 k k
k=t = k= , (4.54)
- — p=r p-r' .o -
=rT( r‘+Cr)+Z ' ‘16? a, ;1dk+z,31N‘k1 )
k=1 k=1 k=1
p—r‘ p—r p—r‘ p-r
~ 1 ~ 14
+ 4[’ zCkEHkCHk zg gkgk-'- gk%Pﬁk
k=1 k=1 k=1 k=1
p—r ~ p—r ~ p-r - -
—1 1 T -1
ka Gkka b klakbak kI,B B k
k=1 k=1 k=1

And (4.48) gives:
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(4.55)
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+ 2, i E G +Z B gkbgk+p; g0 hk’LZ' ~Tk|;15ﬁk
Obviously,
OO (4.57)
where () = 0.
We obtain:

) por P a T
V==r"Kr => g r,son(r,) + T E, +71, )+Z{9} {ea}nr,
k=1 k=1

S e nie S1a) - foual v Sar b,
S arqis, - ains, S 1+ 306} (& o
kp=_1rl k=1 . k=1 k=1 By (4.58)
+;{ak}T {¢.(2} v+ ;{Iék {o.(a} r, Z(:;kEgkcgk
_§~ngath\frk ;gkgfﬁk‘;ﬁ t kz 5 L[kpk
_ZBIT?kI/_f’iBﬁk

=
LY
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If the adaptation laws of on-line parametégs 5k, /3"k for the proposed NN controller are

selected as in (4.51), th&éh becomes:

V=-r'Kr - Zwkr sgn(r )HTE1+Td)—§$kT;1¢/k
+S { 4 {& ()} n, +Z{ 3 e},

k=1 k=1
r

p-r' o-
+ { } ' rk_ kE CHk
k=1 k=1

- (4.59)
kgkg k
k=

1
p-

—I'

T T (-1

Bk ﬁkcﬂk z bk Hk zbaklakbak z kﬂk k
k=1

k=1

Using (4.50),5k, ¢, 0, can be approximated as:

5 K= $ kccﬁk +$ kcE)Gk + Oek
&= 6l + 6, +Q (4.60)

ay ay

O = 0Ly, T Ol + 0,

Substituting (4.60) into (4.59) gives:

(4.61)

z~9kE9kCGk z kgk%k z<§k|§ 9k

Gk ;I;Lbek zb;k z;lkbak zt}?klﬂk k

T x
(]|
= P

k=

iy

Using the on-line parameter adaptation Iawszgpf ny cﬁk, ng, Bk, Bﬂk in (4.51) therv

al

is given by:
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. ‘,\ T R -1,4
V==r"Kr =3 1, sgn(r,) + "B, +74) 2 @ T P,
k=1

(&} {0} nn

k=1 k=1
P 8T
S(a) ol @5
k=1
p-r'
:—rTKr r Sgr’(r )"‘r E1+Td) Z‘ffﬂ- _1wk
k=1
= rKr - S g, son(r,) + Zw
k=1

p-r

whereE2=Z{ék}T°{ng} /7rrk+p_rl{ﬁk}T { ak}’7 r+‘”{ }T { }

k=1 k=1 k=1
According to the adaptation Ia;ZIk =T,r.sanf, ), then (4.62) becomes:

V =—r"Kr +r'E —yr "sgn(r)

(4.63)
==r"Kr —r T@sgnlr) £ )

Assumey = |E|, (4.63) yields:
V <-r'Kr<0 (4.64)

From (4.64),V is bounded, which implies thatJL?" . We haveJ';rTKrdssV(O)—V(t),
which leads tor OL)™". According to Lemma 4.1, from(t) :e+/\je, it can be obtained
that eDLL"NL" and e0OL™" . From the assumption, we conclude that

jn(t), n), J’/yr t),n7, €)JLP" and they are continuous. Therefore, we can coedhaltr

and s are bounded. Thus, » 0 ast —» « can be obtained. Consequently, we have O

andé - 0 ast — «. It follows thateq and & - 0 ast - o, whereeq is the error vector of

the generalized coordinates agdis its derivative, which completes the proof.
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4.4 RBF Neural Network Adaptive Motion/Force Contro |

4.4.1 Introduction

For many tasks the mobile manipulator comes inamintith a constrained surface, and an
interaction force develops between the end-effeaimdl the environment. Therefore, the
contact force control is at least as important f&s position control. In such cases, the
trajectory and the constraint force of the systeenraquired to asymptotically converge to the
desired ones, respectively. A unified form of haonc and nonholonomic constrains is first
introduced into the system’s dynamic model reductidnRBF network is constructed to

identify the unknown dynamics of the robot. Basedtbe reduced model, a robust and
adaptive control scheme which is similar to the wanmethod presented in the previous
subchapter is designed for the coordinated motiod #force control problem of the

nonholonomic mobile manipulator with constrained-effector.

4.4.2 Dynamics of Robot with Holonomic and Nonholon omic
Constraints

Assume that the end-effector positipg of the mobile manipulator is constrained and the
end-effector moves along a desired cuh(g,) =0 on a frictionless and rigid surface as
shown in Figure 4.9. The generalized position veqtoof the end-effector can be expressed

in terms of the generalized coordinate®f the mobile manipulator.

\

Contact forct
<

/\

/

\_/

Figure 4.9: Robot with holonomic constraint

h(q)

In this case, the dynamics of the mobile manipulatdrject to holonomic and nonholonomic

kinematic constraints can be obtained using thedragan approach in the form:
M(@d+Clq g+ Rq+7, = Eof + B( W (4.65)
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where q0 " denotes thep generalized coordinatesyl g (I) ™" is a symmetric and

positive definite inertia matrixC  q U ™" represents a centripetal and Coriolis matrix,

A

e | 0 I
F(q, @) P is a friction and gravity vectorB(q) = A andA=[A] A]] is the
b

\

vector of Lagrange multipliers corresponding to thenholonomic and holonomic

constraints;B" (g)A denotes the constraint forces vectoy[ P denotes the unknown

bounded disturbances(q) M PP is the input transformation matrix;@ " is a

torque input vector.

Recall that the generalized coordinates of La@nd Loopb may be separated into two sets
q=[cLT G,I]T m ™22 whereq, =[q§v q qTT M ™22, In the following, n+2a is

denoted byb. The mobile platform is subjected to the nonholootonstraints, the ' non-

integrable and independent kinematic constraimsbeaexpressed as:
A(a)a =0 (4.66)
where A (q,) is the kinematic constraint matrix which is assdrteehave full rank .

The effect of the nonholonomic constraints on thebike platform can be regarded as

restricting the dynamics on the manifofd, ={(q, )| A(d) q,=0} . The generalized

constraint forces for the nonholonomic constraicdas be given byf = A'(qg,)A,, where

n?

A, M " is known as the vector of Lagrangian multipliers.

There exists a full rank matrig (q) M ™™ " formed bym-r' columns that spans the null

space ofA,(q,) defined in (4.66):

S'(q)A'(g)=0 (4.67)

Assume that the mobile manipulator hasndependent holonomic constraints (i.e. geometric

constraints), which can be written as:
h(g) =0, h(q)d " (4.68)

where h(q) is full rank.
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The holonomic constraints could be further writhesn
J(d)g=0 (4.69)

whereJ(q)=[J, 1] is divided into two partsJ, ::—h for the mobile base and, ::—h
q,

d,

for the manipulator.

The holonomic constraint forcef can be expressed ds=J"(g)A, in joint space. Hence,

the holonomic constraint manifol®, on the robot's end-effector can be defined by

Q,={(a 9| K9 =0, 9 g=0}.

We have known that the generalized position ve@oof the end-effector can be expressed

in terms of the generalized coordinate®f the robot.

Thus
oh_oh b, (4.70)
d0q dp, 9q

Whereg—h represents the gradient of the constraint funczﬁnd% is the Jacobian matrix
Pe q

of the mobile manipulator.

As discussed abové,(q) :g—z, the holonomic constraint forces can be expreased

f, =(

0P\t 0N 7
) [—)"A 4.71
Oq) Eﬂape) h (4.71)

where (%)T)lh can be regarded as the normal force applied temtigeeffector an a% IS

the Jacobian matrix. Thus this expression is cpmeding to the term); f, in equation

(3.83).
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Let us define an auxiliary vectar(I ‘™" andpmD ™" is its integral. Considering the

nonholonomic constraints and their derivatives,diieamics of the mobile manipulator is as

follows:

Fm S Mﬂ{v‘HSIMV‘Sw SGs $ «;ﬂm

IVlvav I\/Ib qb M b\ISv+ vaSv Co qi)
T T
{SV FV} { S rdv} 472
I:b Z-db

_[sTEr,],[ 0 o]0
Tb JVS/ ‘]o Ah
From this equation, it can be seen that:
= oh|_
J (q)—[an aqj [1s 3 (4.73)

It is recognized that there exists a proper parti{il52] so that the vectay can be further
rearranged and partitioned irfp= [cﬂ o T :

whereq; M °" describe the constrained motions of the manipylaod g’ " denote

the remaining joint variables.

Thus

oh  oh oh
J(=— — = 4.74

@ {6/7 og, 00.3} @7
From [152], it could be concluded thats the function ofc:[lf qf]T, that is,q = q(¢).

There always exists a matrlx(¢) 00 °~"*P="") gych thatdq = L(¢)¢, wherelL(¢) =dq/ 0¢,

4=L(Q)¢+L(QcandL(¢), I*(<)=J'(q(¢)) satisfies the relationship:
L' (¢)3""(¢) =0 (4.75)

The dynamic model (4.65), when it is restrictedhte constraint surface, can be transformed

into the reduced model:
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M(L(Q)¢+C(6 Qc+F+T7 =u+I" (9 4 (4.76)

where
—_[sSTMs S M, ‘:m
I\/Ivav Mb ’ qb ,
~ [s™Ms M|, . .[sM5+FCS & ¢
C__ |\/lvav Mb :|L(C)+|: Mvav+vaS/ q j|L(C),
- SJFV},E :PTrdv]u:EnE{ S 0]
L I:b Z-db O beb

Multiplying L' by both sides of (4.76), we can obtain:
M ¢+C ¢+F +1, =L"u 4.77)
whereM, =L'ML, C_ =L'C, F =LUF, r, =LT,.

Property 4.1: The matriM,_ is symmetric and positive definite; the matik_—2C_ is

skew-symmetric.

Property 4.2: For holonomic systems, matriéés F , J*(¢), L(¢) are uniformly bounded

and uniformly continuous if is uniformly bounded and continuous, respectivélyis
uniformly bounded and uniformly continuous {f and ¢ are uniformly bounded and

continuous.

Property 4.3: There exist some finite positive ¢antsc >0(1<i < 5) such thafM |<c,

[Cls e+l [Ffsc. and]ry] < c.
The force multipliersd, can be obtained by (4.76):
A =Z©)C(6, )¢+ F+T, —u) (4.78)
whereZ = (J*(M)* 3™ 1 J(M)™".
Control inputu in (4.77) is selected as:
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u=u -J" y (4.79)
Then (4.77) and (4.78) can be written as:
M ¢+C ¢+F +1, =Lu (4.80)

a

and
A =ZE)NC(, O C+F+T, —u) +y, (4.81)

4.4.3 NN Modeling with Nonholonomic and Holonomic co nstraints

From the dynamics equation (4.80), bdth (q,qﬂ,) and F_ (/7,q§) are only the functions of

n andq,, hence, static NNs are sufficient to model therinalements:

m, (7.4)= X060 (7. d) +ems 7. 4) 01l d) 46 il d)  (482)
fi(.01) = 2B (n.6)+& 4 (7.) =Bl (. d) +& Wfn . d) (4.83)

where 6, 5,0 are the weights of the NN&, (ﬂ,qi),% (ﬂ,qi)DD are the
corresponding  Gaussian  basis  functions  with  inputector [/f qﬁT]T

Enmig (fy,qt), Efk(n,qt)D]] are respectively the modeling errorsrqj(fy, qf) and f, (n,qﬁ),

and they are assumed to be bounded.

WhereasC, (/7,/7‘,cﬁ,q1)) is modeled using dynamic NN with the inpyts 77, ¢ andg;:
G (’7”7"15'@) Zakﬁkn ) +eg (D =aig i ( F+eu( ¥ (4.84)

where z:[/7T nt o q7 ctT] , a, I is the weight;¢,, (zZ)0D is the corresponding
Gaussian basis function with input vector €, (z) is the modeling error of, (), and it is

also assumed to be bounded.
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m (/],cﬁ)zegjfkj (’7’ Ct)+£mkj(’7’ Ct) (4.85)
G (71,65, 65) =aig o (2 e ( 9 (4.86)

t(n.at)=Bro.(n.0;) +& (7. ) (4.87)

M., C , F can be rewritten using GL matrix as:

Mo=[{g"{z(n.q)} |+ B (7.4) (4.88)
c.=[{A"{z3 |+ (2 (4.89)
F={8"{H(7.d)} |+ & (. 4) (4.90)

where ©, E(/],qtl,), A, Z(2), B, H(/7 (f]) are respectively the GL matrices and vectors with

the elementsd,, a,, B, &+ Sy Ok Ey, (q,qi), E (2, & (/7, Q) are the matrices and

vector composed of the modeling errayg;, €., €4

4.4.4 Controller Design

Assume a desired motion trajectory of the mobilenimaator cd(t):[qg qu and a

desired constraint forcé,, or, equivalently, a desired multiplid,. ¢,(t) is assumed to be

bounded and uniformly continuous and has bounddduaiformly continuous derivatives up

to the second order. The desired Lagrangian migtigl, is also bounded and uniformly

continuous. The trajectory and force tracking colnis to design a control law such that the
states of the system asymptotically converge todisred trajectory, and the force error

remains bounded simultaneously.

Define
e(t)=¢, () -¢(t) (4.91)

r(t)=e+ne (4.92)



e, =), A (4.93)

where A is a positive definite matrix.

Define
¢=¢ -r (4.94)
¢=¢ -t (4.95)
The controller is proposed as follows:
L'u, =M, ¢, +C ¢ +F +Kr +U, (4.96)
Uy = A +K,g +K [ g d (4.97)

A

where K I *""7**%) 0; K_andK, are positive definiteM, , C_, F, represent the
estimates of the true parameter matrices. The tim&e terms of the control law are the
model-based control, whereas the tekm gives the PD control. The last tefth is the

robust controller for compensating for the appraadion errors and uncertainties.

Applying the control law to the mobile manipulatdynamics yields the tracking error

equation:

J{ (4.98)
={g" 2l a} e +[{A7{2(F |eof B M g} |

Substituting the above three transformations iateg) yields:
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Considering (4.94), (4.95) and (4.99), (4.98) beesm

Uu ={[{d7 = d)} ]+ B 7. d) € -
{A" {20+ @ e-n
+{8"+{H(r a} [« & (7 d)+7,
{8 =&} e+ [{A7 {2 |e+[{B"+{ Hn g} |
{8 -z s} e -[{A{2(3 |e-|{B"-{ H(n 4}

Simplifying the above equation:

{{a"-Era}]+ e t.a)f +{{A™ {2 B ]+

+Kr +U

={87-{=0na} e +|{A7-{z(F Jo+[{B"+{ Hn g}
g7 -Ea} e +{[{(B7 {24 e+ [{B"-

+E +71,

where®=0-8 A=A-A B=B-B E=E, (n.d)¢ +E (3¢ + § (7. ).

Then we obtain:
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ML(n,qtl,)r +C,(2) r+ Kr+U,
A9 ol el - o[ 0l]
{8 {2} Je o[ (A {23 e [{B" (Mo o}

+E, +1,

[T

The uncertain ternE=E + E, +7, is assumed to be boundedHEﬂsw, and the upper

boundy can be estimated on-line.
The robust controlled, is proposed as:
U, =¢sgn(r) (4.103)

where( is the estimated value of the uncertain term bagnd

The parameter adaptation laws of the NN contra@lterupdated on-line as follows:

Q {

N { ”qt)} h (4.104)
tf/ =T.r.san¢, )

EH {fk(} QIJ]rrk' ;\a ED/ .{ Cl} O'IH r.k’ ﬁk Eﬁ{ }
Bek =1y *{&3 Gt b, =1, { ¢} G0 T0b, =1, 0}kb/§£ ’

where I, = >0, Q =Q >0, N, =N; >0, T, >0, E, =E; >0, E, =F, >0,
— T T T T ) ~ )

E; =E; >0, 1, =1, >0,1, =1, >0,1, =1, >0, § anda, are the vectors of,; and

a -

J

Theorem: Using the control law (4.96) and (4.97he tfollowing hold for any
(¢(0).¢(O)@

* rconverges to zero as>to.

e € ande_ converge to zero assto.
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* ¢, is bounded for all+ 0.

Proof:
(a) Choose the same Lyapunov function candidate wis2j4

r converges to zero as»to ande,_ and €. converge to zero as—o can be proved. The

proofs are similar to those in section 4.3.3 amdtherefore omitted here.

(b) Substituting the control (4.96) and (4.97) into teduced order dynamics (4.81) yields:

(1 +K,)e, =K [ ¢ dit
=-Z''D

(4.105)

whereL" =(L'L)*L" andD =M ¢ +C ¢ +F +Kr +U, -C (¢, )¢ -F -1, .
Using the result of (a), we knO\MLCr +CAZLCr +|3L +Kr+U, - M ¢+C (¢ Q¢+F +1, .

ThusM ¢ +C, ¢ +F +Kr+U, -C (¢, ) ¢-F -1, -M_C.

M_, ¢ are bounded, then we can prove tBais bounded. Sinc&, L' are all bounded,
ZL'"D is also bounded. Therefore, the sizeepfcan be adjusted by choosing the proper gain

matriceskK , and K; such thate, - 0, then4, - A,,.

4.5 Manipulation with a Dexterous Robotic Hand

45.1 Introduction

Traditionally, the robot grasping process is dividedo four stages: initializing the

configurations of the fingers and object, pre-gmagpgrasping and manipulating. The main
problem of grasp planning for object manipulatisna plan the movement of the finger joints
according to the desired motion of the object. Fegd.10 is a flow chart illustrating an

intelligent grasping process. First, the desiregietitory of the object and the initial

configuration of the hand-object system are giv@acondly, we compute the finger joint
angles for pre-grasping. Then, with the initial jorelocities, joint angles, object velocity and
contact coordinates, the contact kinematics cancdmputed for updating the contact
coordinates and acquiring the grasp map. After, tn&brce optimization algorithm is applied
to obtain the contact forces. Next, the desirec®dbirajectory is tracked by the proposed
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control method. If the task has not been compldtexirobot continues the manipulation. The

joint torques can be obtained and the DC motonrgedtie fingers to acquire a stable grasp.
Accordingly, the joint velocities and angles arelaged. Then the process is executed again.
Using the process described above, the robot caressfully grasp the object and makes the

object follow the desired trajectory.

[nitializing object
and finger
configurations

l

Pre-grasping

l

Contact
kinematics

|

Force
optimization :
J, Joint
. . velocities
Object trajectory T
control
l Joint torques

Task is
completed?

Figure 4.10: Grasping control flow chart

From this flowchart, it can be seen that the faspémization and the object trajectory are
two important problems. For GFO problem, in sectib2.7, we have discussed some
approaches. For example, Han et al. [109] castedrittion cone constraints further into

LMI and solved the grasping force problem by udimg interior point algorithm; Buss et al.

[110] reformulated the contact force optimizatiomlgem as a semi-definite programming
problem. In section 3.1.4, the dynamics of the halpj@ct system and the robot-object system
has been derived respectively. Assume that therdignand kinematic parameters of the
systems are known accurately. For the second probiany classical dynamic model based
trajectory tracking methods such as computed tongetod and feedforward control law can

be applied.
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In this subchapter, LMI is used to optimize thesgiag forces. Additionally, an object
manipulation method is proposed by the computequsrmethod based on the accurate

model for both the hand-object system and the robgct system.

4.5.2 Grasping Force Optimization

Following is a method to ensure the stable grashpaavent the slippage of the object. As

already mentioned above, it's possible to find ternal forces F,) to ensure that the
contact forces {.) are within the friction cones, without alteriniget wrench given to the

center of the object.

Note that all contact forces are calculated agvest
f. =G'F, +F, (4.106)
where F, is assigned once the control law is chosen.

Recall that for the hard-finger contact model, thedinition of the cone of friction is as

following:

1
FC, ={f, I 3:; # £ f, & 0 (4.107)

where f, and f., denote the tangent components of the frictionepffc, denotes the normal

component of the contact force. For all fing&G; is defined.
The problem consists in finding a vector:
F, : GF,=0,f.=G'F, +F, O FC, (4.108)

In this section, the problem described above isriaks a convex optimization problem [109]
with LMI which can be accomplished by using conwgtimization toolbox in Matlab. For

contacti which is a point contact with friction the LMI ggven by [110]:

Hfs O fia
P=| 0 uf, f, |20 (4.109)
fi1 f|2 MfIS



If we also impose constraints (maximum and minimamYhe normal forces to be exerted at

the contact points, we can build the following LMI:

Sfc 2 fmin
_Sfc 2= fMAx

where f_,. and f,,,, represent, respectively, the permitted maximum mmdmum normal

forcesS[ £, £, ... fu]=[fs f. ... fud.

In the case of hard-finger contact, the ma8iz calculated aS=[0 0 1.

The actuator torque capacity of the robotic handoisibined into the objective function to

guide the optimization:

Ty 2 Tyax

where 7, denotes the torque of each joint ang, is the permitted maximum actuator

torque.

It can be shown that the constraiftgf.) =0, Sf= f,;,, -Sf 2 - f, and-7, =T,

are convex, for which we can apply a convex optatian algorithm to find the vectdf, .

We can choose an objective function for the optatian problem to minimize the internal
forces, appropriately weighted by a vector and at the same time remain as far away as

possible from the edges of the fricion cones A{log(detP)) ):

arg min@' F,, — log(detP ))[109]. We obtain the following convex optimizatiproblem:

arg min@' F,, — log(detP ))
subject to

GF, =0

f.=G'F +F,

P(f.)=0

St=> 1.
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4.5.3 Controller Design

We present a control law that permis(t) to follow a desired trajector,(t) and at the

same time ensures that all contacts in the graspistgm meet the constraints of kinematic

closure with the internal forck, optimized above.
We put (3.45) into (3.84) and obtain:

f.=G'(M X ,+C X +N)+F, (4.110)
Then (3.83) can be written as:

M NG P'X+GP'X+CP %-JJGP Y
+C, J'G' P X + F (4.111)
:Tf _JI-‘:—(GT(MOXO-FCOXO-'- No) + FN)

And rearranging it we have:

(M, 36T P+ G M) %,
=1, - (G(CX+N)+R)-F-C J' G P X (4.112)
-M UG P'X+G P X -G PY

Both canceling the nonlinearity in the system amdking the desired trajectory, (t) can

be achieved by using the proposed control scheing aemputed torque method:

7, = (G(C, X+ N)+R)+F+C J G P X
+M TG P'X+G P X-1JCGPX) (4.113)
+M 'GP+ G M, )(X + KE, + K E)

where E, =X, - X, andE, =X, - X,, respectively, are the errors of the velocity el

trajectory of the object; whileK, and K, are diagonal matrices whose values are,

respectively, the derivative and the proportiorzficient.

The closed-loop system is uniformly ultimately bdad and the error vector satisfies the

following equation:
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E, +K,E, +K,E, =0 (4.114)
which represents the dynamics of the errors.

4.6 Object Manipulation with Mobile Manipulator

The control law used in this section is similaahsve.

Recall that:
M é+C'E+F =Er'-J7 f

E=J]GP'X + N
§=X(GCPIX+GP X+ G P X-J(JGP x+ s+ &

Substitutingé, & and (4.106) into the dynamic equitation of the ptete dynamic model

which considers the external wrench:

M'(Jg(GTP X+ G P X+ G P %= J(J GP X+ &)
+Nog)+C(JJG P'X + No)+ F (4.115)
=E'T-J (G(M, X, +C X+ N) + )

And rearranging it we have:
(M'3JGT P+ F G M) X,
=ET-J](G(GX+N)+F)-F-C(J G P X+ ) (4.116)
-M'JF(GTP'X+G P'X-1(JG P X+ H)+ N)

We adopt the following method to track the destregectory X, (t):

E'7'=J5 (GG X+ N)+ R)+ F+C(L G P X+ )
+M'OJGP'X+GP'X-1'(JG P X+ W)+ N (4.117)
+ M JG P+ T GM)(X+ KE + K E)

whereE, =X, - X, andE, =X, - X, , respectively, are the errors of the velocity &#mel

trajectory of the object whill, andK, are diagonal matrices whose values are, respgctive

the derivative and the proportional coefficients.
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Proof: We replace ' with (4.117) in (4.116) and obtain:

M'JJG P X, =(M JG P+ I GM( %+ KE + K E)

, . (4.118)

-JaG'M_ X,

Then the error dynamics is as following:
E, +K,E, +K,E, =0 (4.119)

The uniform ultimate boundedness of the trackingrezan be proved from (4.119).

4.7 Simulation and Results
4.7.1 Path Planning Approach for Redundant Manipulato  r

The structure of a 7 DOFs manipulator discussediggection is shown in Figure 4.11. It is
an important part of the mobile manipulator whiciti twe used in domestic environments as
an assistant. This section takes the right arm asxample. As shown in Figure 4.11, the

redundant manipulator is composed of a shouldegllaow and a wrist as the human arm.
The robot’s task is to reach one arbitrary postlxre y z a f y]T in task space when

the obstacles are stationary in the environment.

Figure 4.11: Structure and dimensions of a 7 DO&sipulator

For the validation of the proposed RRT path planrafgprithm, a complete model of the
mobile manipulator has been built in Matlab. Thectre of this robot is correspondent with
the real one. All the links are simplified and aepresented with lines. The task is designed

as follows:
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Given an initial configuratiord,, =[0 0 0 0 0 0 O] in configuration space and a
desired posturép,,q,) of the end-effector in task space, then find atinaous collision-

free path in the environment, whepg =[0.25 0.3367 0.349 and the unit quaterniog,

can be obtained by the transformation of the deédtder angle$g 0 127]T :

]

o

@ b)

o7

06

0sr

04r

03r

02r

01r

Figure 4.12: Simulation results (a) Initial staferabot (b) Computed trajectory towards goal
posture (c) Collision-free path (d) Error to theabo

Figure 4.12 shows the simulation results basedhenpath planning approach. In these
figures, the ball is taken as an obstacle. Figut2(4) shows the initial configuration of the
robot. From Figure 4.12(b), it can be seen thatpdeudoinverse of Jacobian matrix control
algorithm to guide the expansion of search treeemdlke robot continually move towards the
goal and avoid the redundant movements of the goifihe quaternion based orientation
control is successfully implemented. We achieveadgoverall performance in the regulation
of the desired pose of the end-effector. The biged@radient-decent extend algorithm limits
each joint’s angular velocity so that the movemasftshe joints are much smoother. The
simulation results show the rapidity and validitl the proposed hybrid algorithm. From
Figure 4.12(c), it is obvious that a collision-frpath is generated by our improved RRT
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algorithm. The error is shown in Figure 4.12(d) ethindicates that the desired position and

orientation of the redundant manipulator are swsfoélg achieved. The error curve in Figure

4.12(d) is obtained by e.

Wheree:{e"} :{ R ™ p} m S,
€ &

4.7.2 Path Planning Approach for Mobile Platform

We define a point to point task in an obstacle mmrnent to test the RRT-Connect method.
In Figure 4.13, the circle denotes an obstacle;rélaeline is the original path generated by
basic RRT-Connect; the blue line is the optimizeth p@he result shows that a collision-free
path has been searched and the optimized pathcis slorter than the original one.

3

2.5

P R B R S I Orlglnal patr ‘

St 7° Optimized path——

_2—1 -0.5 0 0.5 1 15 2 215 3 315 4

Figure 4.13: Comparison of original path and optimali path
The algorithm is applied to the mobile manipulatgstem. In Figure 4.14, the yellow points
represent the trajectory of the mobile platformreleed by the RRT-Connect algorithm; the
red and green points denote the trajectories ofdedl right arms respectively. From this
figure, we can clearly see that all these thrgedtaries are away from the obstacles.

179



Figure 4.14: Generated trajéctory using RRT-Conpaﬁi p'I”anning algorithm
4.7.3 Coordinated RBF Neural Network Adaptive Contr  oller

In subsection 3.1.5.2, the computed torque comrethod is used to construct a closed-loop
control system. This scheme is a model-based meilioch requires a reasonably accurate
mathematical model. However, the control of mobitenipulators with unmodeled

uncertainties and disturbances is essential in npaagtical applications. In this section, the
virtual prototype and the bond graph model whictehbeen validated are used to verify the
efficacy of the proposed RBFNN adaptive control moet This method does not require any

knowledge of the mobile manipulator.

For simplicity, we assume that the joints of thes&rand the fingers are all fixed so that the
mobile manipulator only has four DOFs (a mobiletfplan with two driving wheels and a

two-link onboard waist). Figure 4.15 shows thisecas

Link?2:
. Mobile
Linkl platform
Driven
wheel

Figure 4.15: Model of a simplified nonholonomic niebmanipulator
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Assume that we have no knowledge about the systainttzere is no payload. For each

element ofM, F andC a 200-node NN is used. The gains for the contralle chosen as:
r=diag[10] , Q =diag[10] , N, =diag[10] , T, =10 , E, =E, =E, =diag10] ,

l, =1, =1, =diag[10],K =diag[30].

The control gains used in the kinematic control tbé mobile platform are set by
k.=5, k, =4, k,=1C

The reference velocity vector for the mobile platids designed as:

[v, @] =[0.17cos(0.7t ) 0.2 cos(0.x]')

Meanwhile, the reference trajectories for the omth@aanipulator are given as:
[t a] =[G +sin(0.271) o+ sin(0. 1t

Where[oﬂo qzo]T is the initial configuration of the manipulator.

To verify the effectiveness of the proposed methwd, simulations are performed: (1) using
the virtual prototype developed in ADAMS and (2ingsthe bond graph model.

(a) Validation using virtual prototype

The simulation results of the first case are illatgd in Figure 4.16. Figure 4.16(a) shows the
practical trajectories, Figure 4.16(b) shows thaetitory tracking errors, Figure 4.16(c)
depicts the practical velocities, Figure 4.16(dyegi the velocity tracking errors, Figure
4.16(e) shows the accelerations of the joints &iglre 4.16(f) describes the torques
computed by the proposed control method. The sitonlaesults prove the validity of the

proposed algorithm.
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(b) Validation using bond graph model
A. Adaptive control without disturbances

In case A, assume that there are no disturbanaesgdine tracking. The simulation results
are shown in Figure 4.17. Figure 4.17(a) shows pretical trajectories, Figure 4.17(b)
shows the trajectory tracking errors, Figure 4.1 ¢escribes the practical velocities, and

Figure 4.17(d) shows the velocity tracking errors.
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Figure 4.17: Simulation results in Case A (a) Rasittracking without disturbances (b)
Position tracking errors without disturbances (cglogity tracking without
disturbances (d) Velocity tracking errors withoigtdrbances

B. Adaptive control with disturbances

In case B, a continuous disturbance vector is atlWedch joint which is defined as:
r, =[0.01sin(2) 0.01sin@2) 0.01sin(2) 0.01sin{2

Figure 4.18(a), (b), (c) and (d) show the practicajectories, the trajectory tracking errors,
the practical velocities and the velocity trackiagors, respectively. It has been clearly
observed from the above figures that, although wendt know the dynamic parameters
completely, the proposed NN controller effectivalyenuates the effects of uncertainties of

the robot dynamics and disturbances, and the tigakirors converge to small values.
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Through the comparison of the results in Figure AHi§ure 4.17 and Figure 4.18, it is
obvious that the virtual prototype developed in AD3 provides a better representation than
the bond graph model to investigate dynamic bemawia 3D environment. In the ADAMS
environment, the contacts between the wheels andrthend, the stability of the robot and
the frictions of the joints all can be analyzedt Buthe bond graph model these could not be
well modeled and expressed. However these effdutswvean be regarded as the disturbances
and uncertainties affect the robot’s performaneatly and it is necessary to add these factors
to build a more realistic simulation environmenheTirictions between the wheels and the

ground detect by ADAMS are shown in Figure 4.19.

184



maobile manipulatar
5000

—CONTACT_1Fx
— = -CONTACT_2 Fx

Force (newtan)

6000 4|

-1000.0

T T T T T T T T
0o 0.5 1.0 14 20 25 3.0 3.5 4.0 4.5
(a) Time [sec)

mabile manipulator

150.0
——CONTACT 1 Fy
— — -CONTACT_2Fy

100.0 A

o mof oy '~
L LAY L Mhum (LhnmlMImM.Mmllmlmum.
] :j V‘*‘tnﬁ':' :Jllliiiilliflil!' “ lh 'i'.'w: ""ll"}‘"“.l'llfwllu\‘u,:\:“y
wl LT RRER T L
Y

Figure 4.19: Frictions between the wheels and ttwairgd (a) Frictions inx-direction (b)
Frictions iny-direction

4.7.4 Motion/Force Control

The simplified 4 DOFs model in Figure 4.15 is usAddsume that we have no knowledge

about the system and there is no payload.

Recall that the Lagrange coordinates of the mopiédform areq, :[x: A qo]T which

represent the position of the robot in the worldrdmnate system and the constraints can be

written in the form:
A(g)4,=0 (4.120)

where A (q,) =[-sing cosp §.
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Define vz[ér Q]T then its integray =[6, 4] .

Let the Lagrange coordinates of the manipulatorqpe[q qZ]T. Assume that the end-

effector of the manipulator is subject to the geimeonstraint:h =1, +1,sin(@,) =0, thus

,J*=[0 0 0 I, cosg,).

o O O B+
o O +— O
O r»r O O

For each element df1 , F, andC,_, a 200-node NN is used. The gains for the comstralfe

chosen as:

. =diag[10] , Q =diag[10] , N, =diag[10] , T, =10 , E, =E, =E, =diag10] ,
l, =1, =1, =diag[10],K =diag[30], K, =5,K; =5.

The reference trajectories for the mobile platf@m designed as:

ny =[sin(0.7t) sin(0.1t )

Meanwhile, the reference trajectory for the onbaaeahipulator is given by:

0,y =sin(0.1mt )

The desired constraint forcg, is10N .

A continuous disturbance vector is added to théegsysvhich is defined as:

r, =[0.01sin(2) 0.01sin@2) 0.01sir(2) 0.01sin(2

The simulation is conducted using Matlab. The saversults of the motion/force tracking
control using the proposed control scheme are showigure 4.20. Figure 4.20(a) shows the
torques applied to the joints, Figure 4.20(b) shdlwesvelocity tracking errors of the joints,
Figure 4.20(c) is the tracking error of the constréorce, and Figure 4.20(d) illustrates the

constraint force.
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Figure 4.20: Simulation results of motion/force toh(a) Joint torques (b) Velocity tracking

errors of the joints (c) Tracking error of the cwamt force (d) Constraint force

From the above figures, we can see that althougbdomeot know the dynamic parameters of
the model, the proposed RBFNN controller can effett decrease the effects of
uncertainties and disturbances. The trajectoria$ the constraint force converge to the
desired ones, respectively. The simulation resuditdate the usefulness of the proposed

control method.

4.7.5 Object Manipulation by Dexterous Hand

Cutkosky and Howe have specified a well known gr@s@nomy for a single hand grasp.
The grasp hierarchy offers a classification schefoe typical grasps occurring in
manufacturing tasks. According to Cutkosky’s gréaponomy [99], we use one precision
grasp (type 13) for object manipulation. This typ®ne of the most commonly used types of
human grasps. It is able to operate a variety skstand also has strong adaptability to the
shape of the object. The distribution of the firrgen the object and each joint’s rotation

angle for pre-grasp planning are dependent ongleifsc grasping tasks.
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Figure 4.21: Distribution of fingers on the objéat pre-grasp

We take grasping a torus as an example. The tonusdr radiusa, is 10mm and its major
radiusb, is 25mm. Each fingertip is a semisphere whose radius ismiOfhe distribution of

the fingertips on the torus is shown in Figure 4.Pie initial position and orientation of the
o _ 1. 5 T . . .
object is X, =|0 -0.055 0.075 3 pi BT pi . In simulations, let end time be

0.01 seconds, step size be 0. 00001. The referemeetory for the center of the object is
given by x=0, y=-0.055- 106 ,z= 0.07. The orientation of the torus does not change.

A comparison is made between the calculated ressltgy the mathematical model and the
operation results of the virtual simulation modstablished by ADAMS. Figure 4.22 shows
the calculated results based on the mathematicalemasing the proposed manipulation
control scheme. The trajectory of the torus, theues applied to the joints and the contact
forces varying with respect to time are obtainetatlab. Figure 4.23 gives the joint toques

and the normal forces when the actuator capactgkesn into account during the GFO.
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Secondly, ADAMS is used to simulate and detecttthgectory of the object and the contact

forces between the hand and the object during gsamplation, as shown in Figure 4.24.
Figure 4.24(a), (b), (c) and (d) show the objedifan, object velocity, object acceleration

and the contact forces which are the sums of nomamdl tangential forces. Note that in

ADAMS, the coordinate system is definedxasy in correspondence to that defined in Matlab

xyz Additionally, due to the different coordinate tbe original point in ADAMS, the initial

position of the object’s center of masg®0575 - 0.0198 0.1]]?3.
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By comparison, the motion of the object in ADAMS irs accordance with that in the
calculated results. The sums of the friction force&igure 4.22(b) and the normal forces in
Figure 4.22(c) are consistent with the contactderdetected by ADAMS shown in Figure
4.24(d). These simulation results show that the inhoidihe dexterous hand built in ADAMS
is effective and it lays a solid foundation for idesng and manufacturing the real prototype.

The results also verify the reasonableness ofdh&@ scheme for object manipulation.

4.7.6 Object Manipulation by Dual-Hand Mobile Manip  ulator

This section gives some simulation results of grag@an object with the complete robotic
system. Before the simulation using ADAMS, the robwath the dexterous hands is
developed using Matlab (Figure 4.25) which hassémme structure as the real one. And all

the links are simplified and are represented wilumns. The initial configuration of the
center of mass of the object ¥, =[% Y% 2% a, B, V,]', where the first three

components represent the position of the objeetivel to the base frame, and the last three

ones describe the orientation of the object.

Assume that a precision grasp is applied to theabbjThe task is designed as follows:
starting from the initial configuration, the persbmssistant robot grasps an object from the
right hand side while making the left hand-arm egskeep the initial configuration; given an

initial configuration X the object moves along a desired trajectory desdiby following

oinit ?

function X, =[x+t ¥, % a, B, V' -
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(@)

(b) o

Figure 4.25: Object manipulation by mobile manipaia(@) Initial configuration of mobile
manipulator and object system (b) Final configumratof mobile manipulator and
object system

Figure 4.25 and Figure 4.26 show the numerical kitimn results of object manipulation by
the complete mobile manipulator. Figure 4.25(a) Biglire 4.25(b) illustrate the initial and
final configurations of the composite system duromg run of the grasping algorithm. From
Figure 4.25(b), it is observed that the robotictelyscan successfully manipulate the object
without slippage, and at the same time the jointefbhand-arm system keep stationary.

The object can well follow the desired trajectosyiléustrated in Figure 4.26(a) which shows
the motions in the, y andz directions. The Euler angles which represent tientation are

shown in Figure 4.26(b). In Figure 4.26(c), threesves depict the motion of the mobile
platform which assists the hand to achieve the tagjure 4.26(d), (e) and (f) show the joint
torques of the wheels, the waist and dual armautzkd by the algorithm, respectively. The

simulation results validate the usefulness of tloppsed control method.
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The optimal normal and tangential forces at all aonpoints are described in Figure 4.27. It
can be seen that the contact forces all satisffrittedon cone constraints.
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Conclusions, Contributions and Future works

Conclusions

This thesis designed and modeled a personal assristaot as a daily helper and proposed
some control schemes. Such a complex robot is egbaca rigid body system with 56 DOFs
consisting of a nonholonomic mobile base, a two B@&ist, a two DOFs neck, two 7 DOFs

human-like arms and two dexterous hands.

In this thesis, the mechanical, mathematical, antilgygaph models are built respectively. A
virtual prototype is created with MSC.ADAMS. Firatsolid model has been elaborated in
Solidworks and then been imported into ADAMS ennireent. In ADAMS, the model has

been carried out by introducing specific designrabiristics and constraints. The proper
characteristics give a realistic behavior for thmuation of robot operations. Using the
virtual prototype, kinematic and dynamic simulasohave been elaborated. The robot
behavior of performing practical applications hagrbehecked by simulating a variety of
human-like operations. The simulation results haeen used to validate the operation
feasibility as well as to adjust the overall desigrthe robot. Consequently, ADAMS permits
to decrease the time for the design steps and aweidpossibility of errors during the

construction of a real robot. And the cost of thieat development can be reduced too.

The mathematical model consists of a set of diffeéakequations describing the dynamics of
the system. Based on the MDH method and the Ewdgrdnge method, the kinematic and
dynamic equations of the robot’s motion are ingedadetailedly. We use the mathematical
model to establish a control sytem for controllite ADAMS model which has been

validated. Through co-simulation, the mathematmatel is proved to be in accordance with
the virtual prototype. Additionally, modeling of tr@mplex mobile manipulator system

using bond graph approach is introduced. By writimg model in the bond graph language
step by step, a model with reusable componentbéas created. The simulation structure is
implemented using Simulink. This model has beemdatééd under an open-loop controller
through the precise mathematical model to showeitsctiveness. It is proved that the

application of bond graph facilitates the modelaighis complex electromechanical system,

as well as the extension of a control system.
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We have presented an improved RRT algorithm basddvanse kinematics for the motion
planning of a redundant manipulator. We have foihd be very effective for this problem.
RRT method can efficiently solve the collision-freath planning problem for the high-
dimensional robot. Quaternion is applied in the patation of orientation error, and its
feedback is augmented into the control schemedncurrent control. Jacobian pseudoinverse
algorithm determines the optimal expansion directd search tree, and this method speeds
up the movement to the goal node. This presentgaritim applies not only to the static

environment, but also can solve the path planmrdynamic environment.

We have presented a novel robust adaptive NN domtethod for a mobile manipulator to
track a desired trajectory in joint space. The pemg scheme consists of RBFNN, PD type
controller and robust controller for compensating the approximation errors, uncertainties
and disturbances. The weights of NN are trainediren-and the upper bound of errors,
Gaussian function parameters centexsd widthsb are also estimated on-line. All the signals
in the closed-loop control system are guarantedsktasymptotically stable. The simulation
results validate the usefulness of the proposedraomethod. A similar RBFNN control
method is presented for coordinated motion/forcetrobnof a holonomic constrained
nonholonomic mobile manipulator. The trajectory dhe constraint force converge to the

desired ones, respectively.

In this thesis a separate model is developed ®rdbotic dexterous hand using Solidworks
and ADAMS. Object manipulation is realized in ADAM&vironment. The simulation

results show that the model is effective and itslay solid foundation for designing and
manufacturing a real prototype. We have presente@fficient control method for object

manipulation and demonstrated the ability of owodthm to consistently generate force-
closure grasps in a few seconds. This algorithro ed& be applied to the complete dynamic
model of the humanoid mobile manipulator systensgjreg an object. And it is also able to

provide firm grip, avoid slippage and well traclettiesired trajectory given to the object.

Contributions

In summary, this research has provided the follgwirain contributions:

* Chapter 2 gives the application design for the queak assistant robot. This robot’s
ultimate goal is the execution of complex manigolat tasks in domestic
environments. And the requirements for realizimgse applications are discussed.
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» Chapter 2 presents the details of the mechanicdnleA simulation environment for
this mobile manipulator is constructed based omsicotlation between ADAMS and
Simulink.

» The complete dynamic model of the robot is esthbtisusing Lagrange’s approach
and bond graph respectively. (Chapter 3)

* A collision-free path planning algorithm for a rediant manipulator with the given
desired pose is presented which combines the Jat@sieudoinverse algorithm with
RRT. (Chapter 4)

* A robust RBF network-based control scheme for nrmotontrol of a nonholonomic
mobile manipulator in the presence of uncertainéied disturbances is developed.
(Chapter 4)

* Arobust RBF network-based control scheme for coated force/motion control of a
nonholonomic mobile manipulator with holonomic cwasts is developed. (Chapter
4)

* Considering the kinematics and dynamics of a dextehand manipulating an object
with known shape by rolling contacts, a controlesole is designed to ensure firm
grip, avoid slippage and well track a given motimposed to the object. (Chapter 7)
This control method is also applicable to the darab/hand mobile manipulator
system. (Chapter 4)

Future Research

There is still plenty of work that needs to be done
In the short term

The models presented in this thesis can be fudbeeloped with complicated path planning
and control algorithms so that the robot can accimphore advanced tasks. For example,
the motion of soft-fingertip manipulation will benalyzed. This is usually true not only for
human grasping, but also for robotic hands usingefitips made of soft materials. In order to
analyze the motion of using soft fingertips, thenayic model will be built and some
dynamic manipulation control schemes will be degignEhe proposed motion planning
algorithm will be verified in a dynamic environmewith moving obstacles. Additionally,
coordinating the motions of multiple robots opergtiin a shared workspace without
collisions will be studied. What's more, the motistability of the robot will also be

discussed in future research.

In the long term
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Our ultimate goal is to create a real personaktesi robot for assisting humans in domestic
environments. The satisfactory results in the ftfated simulations of the robot are
encouraging to proceed in the project to build gspial prototype for experimental tests in a
near future. The details of our mechanical desiglated to the various modules or
subsystems will be developed. For example, massikdison, link and joint design,
mechanical component of the sensors, actuator dmgdureduction gear and DC motor
selection etc. The selection of motor and geao nigtibbased on the speed at the motor shaft
and load torque. Thus, the simulation parametegs @l joint driving forces) which have
been obtained from th&D virtual prototype simulations provide an impott®asis for the
precise motor selection. Due to the modificationmachanical structure, the 3D solid model
in Solidworks will be modified. Correspondingly,etiparameters of the quality, inertia and

position of each part’s center of mass will be gehand acquired using ADAMS.

After the physical prototype has been created, dasethe models (mathematical and bond
graph models) built in this thesis according to ittheal design parameters, small changes to

these models are required by identifying the pataraef the real robot.
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Résumé étendu en francais

La robotique d’assistance a la personne est deyamsedernieres années, un secteur trés
actif. L'idée est d'utiliser un robot afin d’assstune personne dans des taches ingrates,
répétitives, difficile ou dangereuses. La Figureddnne quelgques exemples de robots

d'assistance.
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Figure 1: Exemples de robots assistance: Care-@:dovbot AR; TWENDY-ONE; Enon;

‘7

Le projet en cours poursuit le développement duopype d'un robot d’assistance a la
personne pour l'assistance dans des environnendorsestiques. I est une machine
complexe qui exige des efforts particuliers pouyprecessus de conception. Cette thése décrit
la conception mécanique, la modélisation et la camae du manipulateur mobile a deux bras

avec plusieurs doigts.
Le corps principal de la thése est divisé en quzrges.
Partie 1. Etat de I'art et préliminaires

Le chapitre 1 pose tout d'abord des principaux lgmles de recherche sur le robot
d’assistance a la personne et puis introduit delserehes existantes pour les résolutions de
problemes. Ce chapitre aussi propose une bréwadirttion a la technique employée dans
cette these en cing sections. Dans la premier@aecertains préliminaires mathématiques a
I'élaboration théorique dans les chapitres suivaotg d’abord présentés. Dans la deuxieme
section, l'outil bond graph est introduit. C’est uneéthode graphique de modélisation.
Ensuite, nous présentons et discutons l'architectlun réseau de neurones Radial Basis
Function (RBF). Puis nous introduisons le conceptaiseur. Dans la derniere section GL

matrice et son opérateur sont présentes.

Partie 2. Conception et prototype virtuel

209



Dans le chapitre 2, nous comparons des robotsistasse et puis les applications robotiques
sont discutées. Le but ultime est de construirealmot autonome et capable d’exécuter des
taches complexes dans des environnements domestiglusieurs fonctions sont détaillées.

Et les exigences pour la réalisation de ces agpitasont donneées.

Dans ce chapitre, selon les fonctions et les exigerdécrites, nous concevons un robot
d’assistance composé d’'une plate-forme mobile asialeux bras et deux mains a 56 degrés
de liberté. Dans la phase de conception mécanigues considérons les caractéristiques de
I'architecture et la plage de rotation de chaquicwdation. Ce robot est construit avec
plusieurs chaines répétées pour le tronc, lesdbias mains robotiques en utilisant le logiciel
SolidWorks (Figure 2). Ensuite, la structure esiari€ée vers le logiciel ADAMS (Figure 3)
pour effectuer des simulations de mouvements. bofype virtuel dans le systeme ADAMS
fournit un outil pour explorer les nombreuses goestliées a la robotique d’assistance. Des

simulations cinématiques et dynamiques du systelatigue sont basées sur ADAMS.

Figure 2: modele souBolidworks Figure 3: Prototype virtuel avec ADAMS

Partie 3. Modélisation du robot

Dans le chapitre 3, les modeles cinématiques etndignees du robot sont développés en
utilisant respectivement le formalisme de Denawtienberg Modifié, et I'approche de
Lagrange. L’approche bond graph, considéré commmddleure méthode graphique de

modélisation des systemes multi physiques, a é& atilésé pour modéliser le robot.
Partie 4. Planification et contr6le de mouvements

Le chapitre 4 développe de nouveaux algorithmeg peiplanification et le contrdle de

mouvements.
(a) Planification de mouvement
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Le probleme de planification de mouvement consisti®uver un chemin sans collision pour
un manipulateur avec la pose désirée (positiomientation). L'orientation est sous forme de
quaternion. Un algorithme hybride qui combine laiR®inverse de la matrice Jacobienne et

la méthode RRT (Rapidly-Exploring Random Tree RRSI)peésenté.
(b) Commande de suivi de trajectoire par des résdauneurones

Le manipulateur mobile est un systéme non-linéedmaplexe. Ainsi, le suivi de trajectoire
dans I'espace articulaire est difficile a réalideans ce chapitre un contrdleur robuste basé
sur les réseaux de neurones est introduit pouotan@ande coordonnée d’'un manipulateur
mobile. Cette méthode ne nécessite pas un modéldspdu manipulateur mobile. Les
parametres inconnus de la plate-forme mobile stdaipulateur sont identifiés et compensés
en boucle fermée a l'aide de réseaux de neuronés(RBdial Basis Function). Les erreurs

causées par des perturbations peuvent étre comgleteliminées par cette méthode.
(c) Commande force/position par des réseaux deonesr

Dans de nombreuses taches le manipulateur mohilaille en contact avec des surfaces, et
une force d’'interaction se développe entre I'efactet la surface. Par conséquent, le contrdle
de force est aussi important que le contrdle déiposUn algorithme de contrdle similaire a

celui de suivi de trajectoire est présenté powolammande simultanée de la position et de la
force d’'un manipulateur mobile soumis a des contesi holonomes et non holonomes en
présence d’incertitudes et de perturbations. Noosvons la convergence des algorithmes

Proposes.
(d) Manipulation d’objets

Il existe peu de travaux relatifs a un systeme meddat compte tenu de la plate-forme mobile,
les bras et les mains comme un systéme unique (eohiMAR-11l et Meka). La plupart des
recherches ne tiennent pas compte de la coordmab@ans cette thése, les modeles
cinématique et dynamique du robot d’assistance getaonne manipulant un objet avec tes
mains sont élaborés. Un algorithme de contrdlepestéenté pour assurer une prise ferme,
éviter les dérapages et bien suivre une trajectlmirmée a I'objet.

Conclusion
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Dans cette thése, nous avons proposé la concepté@manique d'un robot manipulateur
mobile et utilisé une co-simulation ADAMS — Malt8irhulink. Cela nous a permis de
disposer d’un modéle virtuel trés proche de lait&adjui va servir comme oultil de validation
par la suite. Le modele dynamique complet du r@béte est établi en utilisant les approches
de Lagrange et bond graph. Un algorithme de platibn de mouvement pour un
manipulateur redondant combinant I'algorithme depBapseudoinverse et la méthode RRT a
été proposé. En se basant sur le réseau RBF, deuxandes robustes ont été proposeées. La
premiere, pour controler le mouvement d’un maniguiamobile non holonome en présence
d’incertitudes et de perturbations. La seconde,r peucontrble de la force/position d'un
manipulateur mobile avec des contraintes non hoh@soet holonomes. Compte tenu de la
cinématique et de la dynamique d’'une main robotiguiemanipule un objet avec une forme
connue, un systeme de commande est concu pouerssg prise ferme, éviter les dérapages
et bien suivre un mouvement donné a l'objet. Ceattthode de contrdle est également

applicable au systéme manipulateur mobile.
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Conception et Commande d’'un Robot d’Assistance a [Bersonne

Résumeé: Ce travail s’inscrit dans le cadre de la conceptainréalisation d’'un robot
d’'assistance a la personne. Dans cette these, mmus intéressons particulierement a la
conception, a la modélisation et a la commande daipot manipulateur mobile. La
conception mécanique couplée a un outil de sinarialynamique multi-corps nous a permis
d’obtenir un modele virtuel tres réaliste. Le madéinématique du systeme a été obtenu en
utilisant la méthodd-H modifiée. L'approche Bond graph et la méthodelLagrange ont
permis de construire le modéele dynamique. Un digme hybride qui combine la
pseudoinverse du jacobien et la méthode RRT a é@popé pour la planification de
mouvement d’'un manipulateur redondant et rechem@eaonfigurations continues, stables et
sans collision. Un controleur basé sur les résedmixneurones a été introduit pour la
commande coordonnée d’un manipulateur mobile. @aéihode ne nécessite pas un modéle
précis du robot. Les paramétres inconnus sontiféiEnét compensés en utilisant des réseaux
de neurones RBF. Un algorithme de contrble singlast présenté pour la commande
force/position d’un manipulateur mobile qui est s@irda des contraintes holonomes et
nonholonomes. L’étude de la main robotique a #feEteiée séparément avant d’étre couplée
au reste du systeme. Les modeles cinématique eimdgne du systéme main-objet ont été
obtenus en utilisant les approches mathématiqubsret graph. Un algorithme est proposeée
afin d’assurer une prise ferme, éviter les dérapagesuivre les mouvements désirés. Les
validations des modeles et des différentes loisaemande ont été effectuées grace a la co-
simulation Matlab/modele virtuel.

Mots-clefs: Robotiqued’assistance a la personne; Prototype virtuel, Nisalon; Bond
graph; Réseaux de neurones; Manipulation dextreul&tiondynamique

Design and Control of a Personal Assistant Robot

Abstract: The purpose of this thesis is to design, model @mdrol of a personal assistant
robot used for domestic tasks. In order to makerdthet's design more efficient, a virtual
simulation system is built using dynamic simulatswitware. The kinematic model is set up
based on modified D-H principle. The dynamic moidebuilt using the Lagrange theorem
and elaborated in Matlab. We also employ an enbegpged approach for modeling and its
bond graph notation ensures encapsulation of fomalkity, extendibility and reusability of
each element of the model. A hybrid algorithm of barmg the Jacobian pseudoinverse
algorithm with Rapidly-Exploring Random Tree methisdpresented for collision-free path
planning of a redundant manipulator. An intelligesthust controller based on neural network
is introduced for the coordinated control of a n®bnanipulator. This method does not
require an accurate model of the robot. Unknown nyagarameters of the mobile platform
and the manipulator are identified and compensiatetbsed-loop control using RBF neural
network. A similar control algorithm is presentedt toordinated force/motion control of a
mobile manipulator suffering both holonomic and naphomic constraints. Kinematics and
dynamics of a dexterous hand manipulating an ohjgitt known shape by rolling contacts
are derived. A computed torque control algorithnpiesented to ensure firm grip, avoid
slippage and well track a given motion imposedh® dbject. The validation of models and
different control laws were made by the co-simolatMatlab / virtual model.

Keywords: Personal assistant robot; Virtual prototype; Moudgl Bond graph; Neural
network; Dexterous manipulation; Dynamic simulation



