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Abstract

Multi-manipulators based mobile manipulation is @mportant capability to
extend the domain of robotic applications. The hés@&ure endowed by the combination
of mobility with manipulation is crucial for a nurab of applications, ranging from
material handling task to planetary exploratione Brenefits include increased workspace,
reconfigurability, improved disturbance rejectioapabilities and robustness to failure.
The challenges, however, arise from the compaibitf various holonomic and
nonholonomic constraints and kinematic and dynamedundancy. Moreover,
cooperative manipulation would lead to significathtnamic coupling and requires
delicate motion coordination. Failure to consideese effects can cause excessive
internal forces and high energy consumption, amhelestabilize the system.

To deal with these entailed issues, we presentcanti@lized dynamic control
algorithm for a robot collective consisting of mplé nonholonomic wheeled mobile
manipulators capable of cooperatively transportiag common payload. The
nonholonomic wheeled mobile manipulator consista @illy-actuated manipulator arm
mounted on a disk-wheeled mobile base. In thisrdlga, the high level controller deals
with motion/force control of the payload, at thengatime distributes the motion/force
task into individual agents by grasp descriptiortrimaln each individual agent, the low
level controller decomposes the system dynamicsdetoupled task space (end-effector
motions/forces) and a dynamically-consistent npHdee (internal motions/forces)
component. The agent level control algorithm féaiéis the prioritized operational task
accomplishment with the end-effector impedance-madatroller and secondary

null-space control. The scalability and modulaigyguaranteed upon the decentralized

XI



control architecture.

Within the dynamic redundancy resolution frameworl, decentralized
coordination and formation control with collisiomaadance capability is further studied
for mobile manipulator collectives.

A variety of numerical simulations are performed faultiple mobile manipulator
system carrying a payload (with/without uncertainty validate this approach. The
simulations test the capability of internal for@gulation by cooperative manipulators.
The end-effector and mobile base to tracking cdipais also verified in the simulations.

Multiple mobile manipulator collision avoidancealso studied in simulation.
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1 Introduction

Object transport and manipulation is perhaps thstrmportant robotic task in
the history of robotics. The electrical and mechahengineers, by taking advantage of
the reverse engineering, have been trying to |é&@m the nature. Two decades ago,
biologists observed that coordinated motion of abirgroups is an interesting and
suggestive phenomenon in nature. A swarm of beaallyscollaboratively waggle dance
to communicate for a new flower bush source. Fishosls maneuver and glide
ingeniously to maximize the overall impetus by cae formation. Revealing the
benefits and mechanism of these behaviors hasdreenf the constant research interests
of biologists and sociologists are deliberately Eting the collective behavior of nature
in the design of multiple mobile agents. On theeothand, the hardware devolvement
with the advent of inexpensive, embedded micromsoes has technically enabled the
implementation of these behaviors in real worldf-8entained and computationally low

cost intelligent robot agents are coming out oblalories to real world applications.

1.1 Motivation and Application

In the daily life, human beings usually take adagetof two hands to manipulate
objects, since single hand manipulation is sometimeapable or not dexterous enough
for some tasks. While for much heavier objects ompglex tasks, accumulation of
individual capability is desirable and crucial fask implementation. By this analogy, we
can see the benefits introduced by cooperatiorouple of different reasons account for
deploying multi-robot systems, however, one of itien motivations is that multi-robot

systems can be used to enhance the system effeeds/eBy the constraints of robot



actuation capability, cooperative robots are abla¢complish many tasks that are far
beyond of individual robot capability. Ideally, toanipulate any large, heavy payload,
we can incorporate as many as smaller, lightertrotmmlules so as to fulfill the task. This
modular and flexible structure allows for “dividacaconquer” approach to take care of
heavy and complex tasks.

The cooperative robot is also advantageous fromp#ispective of redundancy
and robustness. Using a team of multiple robotsldvenhance system robustness with
respect to the single point failure in the sens# the can reconfigure the team and
reassign a new task to each agent. Redundancgdsently used in the systems that
require high fault tolerance and high successtig, igke mars exploration.

Cooperative robotics first comes into the modemiregering researchers’ mind in
the late 1980s with a special focus on multiple imalators and multiple mobile robots.
The spectrum of engineering perspective of multetosystem study is considerably
broad and deep. Interested readers can refer & find reference therein for a detailed
description of research areas in multi-robot systeiere, we briefly review some

pertained principal research topics.

Object Transport

and Manipulation CommEE ol

Motion
Coordination

Task Allocation

Biological Localization
Inspiration Mapping

Figure 1: Principal research topicsin multi-robot systems|[2]



e Communication: Communication is of paramount importance for theccsasful
fulfillment of multi-robot systems and it has beextensively studied ever since the
debut of multi-robot research. Information exchamrgross the system affects the
interactions among subsystems, and it is possbleategorize the communication
schemes as: centralized and decentralized as showigure 2. In the centralized
implementation, a central controller makes usellofgent states to command the
control signal, while in the decentralized caseheabot module is equipped with

individual controller which can only access its ostates and the control signal is

generated locally.

A
=5 |
Terb=

""ﬂlllm-E:;;;;;::QQ

(b)
Figure2: Controller archtecture: (a) Centralized control, (b) Decentralized control

e Object transport and manipulatioManipulation is perhaps the most important task of
robotic system, so the extension of this in mubeat systems naturally has been one
of the important goals in cooperative robots. Theme many pertained issues to be
considered in this process like synchronizationthef subsystems, control of the
applied forces and motion planning. Detailed issuesild be reviewed in the
subsequent section.

e Motion coordination:At this level, the system could be composed of mdgenous or
heterogeneous se of robots of certain charactaidResearch themes in this domain

that have been particularly well studied includeltrrobot path planning, traffic



control, formation generation, and formation kegpj8]. Most of these issues are
now fairly well understood, although demonstratainthese techniques in physical
multi-robot teams (rather than in simulation) hasmlimited.

The promise of collaborative robotic system hasnbgsfilled in support of
missions pertaining to national defense, homelaedursty, and environmental
monitoring. Examples of such cooperation includexihe robot collectives in Figure 3
(@), manned fleet of marine vessels in Figure)3rlanned flight aircrafts in Figure 3
(c) and multiple grounded and aerial vehicles irfe battlefield as seen in Figure 3 (d).
It is necessary to note that some of the ideascantrol approaches introduced in this
thesis within a robotic paradigm can be appliedhese more general multiple robotic

systems, like multiple vehicles.

(d)
Figure3: Engineeing examplesof cooperation: (a) EPuck robots, (b) Fleet of marine
surface vessels.(c) Italian acrobatic
air force unit. (d) Multi vehiclesin future battlefield




1.2 Related Works

The analogy between manned/unmanned aerial vehacidsa swarm of bees or a
school of fish is perhaps the original biologiaadpiration for robotics engineers. Natural
behavior also provides some envisioning guidancerdbotics paradigm of behavior
based control that can be described by the rekttipnbetween the three primitives of
robotics: sense, plan, and act. The first engingeniork is motivated by application in
the simulation of computer graphics. In 1986, Réye¢3] made a computer model for
coordinating animal motion as bird flocks or fisthgols. This pioneering work inspired

significant efforts in the study of group behaviors

v N TN
=R EIRIN h«é b

@ (b) (©)
Figure 4: Three primitive behavior of Boids[3]

N

Reynolds observed that with the basic flocking nhocensists of three simple
steering behaviors separation, alignment and cohgshese behaviors could describe
how an individual boid maneuvers based on the ipositand velocities its nearby
flockmates. Figure 4 illustrates the three basibab®rs separation, alignment and
cohesion. The individual boid has access to it€kfisates within a certain small
neighborhood around itself. With these simple bedraand limited perception, a fleet of

these simulated “aircrafts” can maneuver and avbstacles as shown in Figure 5.



Figure5: Group behavior of Boids[3]

With this inspiration of computer graphics, resears take advantage of “reverse
engineering” to observe and study the group behawicmature like the one shown in
Figure 6 (a) where a school of fish glides in tha ® decrease power consumption. Fish
schools maneuver intelligently to minimize groupemy consumption by delicate
formation. A group of ants collaboratively make |oayl transport to achieve the task that
is impossible for individual ant. Similar to thaegin of computer graphics simulation for
multiple agents, the graphics rendering for beerswaare still an interesting and
important work in film industry. More intuitivelythe coordination of human group
evacuation in emergent condition is posed to bargrerative problem in optimization
arena. Emergency evacuation of people group is @gésting more and more research
attention from the perspective of optimizationgli#toor arrangement, optimal route, and
group allocation. Some of the scenarios mentiorEe can be visually seen in Figure

6.



(@)
Figure 6: Group behavior in nature and human society

Even though the origin of multi robot comes frone tomputer graphics simulation
and the inspiration of group behavior in nature,oae also trace the similarity and share

a lot of common interests in the traditional robatystems.

[ 3

=10
i

(@)

)
Figure 7: Multi-fingered robot and multiple legged robot

Multi-finger robotics has been one of the most papuesearch arenas in robotic
community. Multiple articulated robotic fingers chald a common payload with shared
payload distribution. In this sense, the dynamitgayload system or to say the grasp
system in multi-finger robots is exactly the sanseira the multiple payload transport
system, and most of the research issues in gradgepn, like grasp feasibility, force
closure and grasp force optimization would appaahe multiple mobile manipulation
scenarios. Imagine that each finger is a fixed thgtieey all have the common basis)

robotic manipulator, the way to control this systéma centralized or decentralized



manner is a question to be addressed from the datnmmal perspective.

Another related research area that has been weliest is the multi legged systems.
If each leg can be dissembled from the chassigsait be considered as a mobile
manipulator with nonholonomic and holonomic constsaon the wheel. The difference
with the multiple mobile manipulator system is thia¢ individual leg is fixed on the
common payload, i.e. the chassis, so it can beideresl as a special version of the
mobile manipulator system. From this token, we canclude that multiple mobile
manipulator system is a more complex, higher miybsystem that includes various
issues like kinematic constraints (nonholonomic hotbnomic), grasp distribution and

motion planning.

(b)
Figure 8: Mobilerobot soccer team and Sony AIBO robot soccer team

Because of these difficulties mentioned above, randt of computer scientists cast
research effort on this, it is necessary to no&t tthe inchoate research mainly covers the
multiple agent motion coordination and multiple miggommunication, particularly in the
robot soccer team. For example, as show in Figurthe researchers from Carnegie
Mellon University and Georgia Institute of Techmgjofirst developed 3 vs. 3 agents’
robot soccer team in a field & x 3m without communication and then a new

generation of 4 vs. 4 agents’ robot soccer teamfield ofsm x 9m with full autonomy.



This research shed light on the communication awldination issue of multiple mobile
manipulator systems.

With all the developed theory and technology, thebile manipulator system has
debut in the laboratory and then later come tdotitle field and daily life. The PackBot
EOD, developed by iRobot Corporation, can be rgpidéployed as mobile bomb
disposal. The weight of this kind of robot is lésan 24 kilograms fully loaded, and can
be hand carried and deployed by a single oper@tos. mobile manipulator, shown in
Figure 9 (a) has been widely used in Iraq batiddfiResearchers from University of
Massachusetts Amherst constructed a mobile mangulbardware platform with
redundant kinematic degrees of freedom, a compsdersensor suite, and significant
end-effector capabilities for manipulation. UMalne tUMass Mobile Manipulator can be

seen in Figure 9 (b).




Figure 9: Some maobile manipulator prototypes

The uBot-4, shown in Figure 9 (c), is a two-wheetthamically stable bimanual
mobile manipulator. It was designed to combine mpalaition and mobility into a small
and cost effective, yet very capable platform. ds tbeen used to study a number of
different robotic manipulation tasks including pumh pulling, digging, grasping, single
robot transport, and cooperative transport (usingfiple copies of the platform).

MIT Media Lab is developing a team of 4 small mekiumanoid robots basing on
the UMass mobile base. The purpose of this platfierta support research and education
goals in human-robot interaction, teaming, andadearning. We can make the analogy
between human and mobile manipulator, in the sdresehuman feet can be considered
as mobile base and human arm can be consideredw@sted manipulator, and human
can be modeled as redundant spatial mobile mangyula some degree. So it is not

amazing to see that some researchers of mobilepodators are also focusing on the

study of humanoid robot.

(b)
Figure 10: Cooperative mobile manipulators

In parallel with the development of mobile manipgata, some researchers have
begun to take advantage of the cooperative maripualability of mobile manipulators.

As seen in Figure 10, a group of research scienéistStanford University leading by
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Oussama Khatib have built up spatial wheeled mafigipulator (for short, we will
note this as WMM) with holonomic motion base. Thel-effector of these developed
WMMs has compliant motion capability to work withurhan in a safety guaranteed
environment. NASA is also a pioneer in WMM devel@n and two WMMs SRR and
SRR2K acting as the Robot Work Crew can coopelgtitransport an extended beam
(2.5 meters long) in a sandy soil terrain with arerage slope of 9-degrees. The
cooperative WMMs in this thesis are substantialiyecent from the prior work and

would be detailed below.

1.3 Problem Statement and Our System

Cooperation is one of the key desirable charatiesiof next generation robotic
systems. Though much research effort is devotetthitoarea, less attention is paid to
physically interconnected robotic systems whichehmany applications that make it of
particular interest for study. Object transport amahipulation by cooperative multi-robot
systems, like multiple planetary rovers [4] and lanmrsupervised multiple mobile robots
[5], is proved to be an effective way to handle ptar and heavy payloads in unknown
and dynamic environments.

The goal of our research is to propose a motiocéfactontrol law for payload
transport by multiple nonholonomic wheeled mobilenipulators. A decentralized
structure is preferable for scalability and implerta¢ion. In the very practical scenario, it
is desirable for the mobile agents to be imposel awoidance collision capability.

For our system, we consider multiple wheeled motaleots operating cooperatively
on a common payload. The robots we consider cows$ist two-wheel differentially

driven mobile base with a two revolute manipulataunted on top of the base. Figure
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11 depicts two of these robots operating on a compayload.

€Y (b)
Figure 11: Wheeled maobile manipulator collective with payload: (a) Top view, (b) Side
view.
1.4 Literature Survey
1.4.1 Cooperative Articulated Mechanical Systems

Deploying multiple robots to cooperatively manigalacommon payload creates
redundancy, the resolution of which has posed kamgsng yet vital challenge to the
robotics community. Examples of cooperative mutat systems, ranging from multiple
mobile robots [1], multi-fingered hands [6], and lthlegged vehicles [7] have been
extensively studied in a variety of contexts. Edlitgrature in this field addressed
redundancy resolution in cooperating system frooemtralized perspective, i.e., all the
measurements and control signals are generatedafrmentral point.

Under the assumption of perfect knowledge of thstesy parameters and rigid
grasping of the payload, some control approaches baen proposed. Rigid grasping
means that there is no relative motion between pghgload and the manipulator
end-effectors. Arimoto et al. considered the leddkower scheme in [8] , where one
manipulator acts as a leader controlling the motibtne payload, and other manipulators

act like a followers. The followers’ position isrdoolled by the motion of the leader in
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terms of a virtual spring like mechanism to providertain compliance. Khatib [9]
studied the dynamic properties of redundant maatpts and proposed the augmented
object model for multi-arm cooperation. By considgrthe parameter uncertainty in the
grasp system, dynamic parameters estimation by sepgmre method is studied in [10]
with an adaptive control law for the motion/foraatrol.

In a later stage, researchers realized the vuliligyatsk centralized controller which
limits the performance when robot numbers increddee decentralized version of
leader-follower algorithm is proposed in [11]. Muwiiforce control of two robots
handling a common payload is implemented thereid, @e of the robots is designated
as leader with position control while the otheraobls guided as a follower with desired
impedance control. The general multiple maniputatmase in [12] presented the
concept of virtual leader, where each individudloflwer would perceive the rest of the
system as a virtual leader. Later, Liu and Arimfi8] addressed the adaptive control
problem of multiple redundant manipulators coopeety handling an object in a
decentralized manner while optimizing a performamedex. Szewczyk et al. [14]
presented a distributed impedance approach foripteultobot system control which is
scalable with increased robot modules. More regetite nominal exponential stability
of collaborative load transport by multiple robagsproved by Montemayor and Wen

[15].

1.4.2 Cooperative System of Mobile Manipulators

Interest has grown in mobile manipulation to achieeooperative payload
manipulation since the workspace is significantigreased. Again, while the early work

mainly focused on a centralized way, such as Desal. [16] studied optimal motion
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planning for nonholonomic cooperating mobile matapurs grasping and transporting
objects and Tanner et al. [17] presented a motlanning methodology for articulated,
nonholonomic robots with guaranteed collision agoice. But decentralized approaches
appear to show the greater potential for scalglsiitce a centralized architecture is not
capable of handling increased number of modulesatédiet al. [18, 19] presented the
extension of their previous 2D case work in [20heTload is manipulated without
accurately knowing the geometric relationship amibregrobots when using a virtual 3-D
caster in a leader-follower coordination scheme.sThlgorithm is basically a
coordination method and controls the position & tbllowers, and the internal force
regulation is not considered therein. While eartfprés deal with holonomic mobile
bases [21, 22], the attention to nonholonomic adiform system permits the ability to
deploy on real world vehicles. In forming such casipe systems, it is important to first
ensure capability of various kinematic constraibtsth at individual module and system
level. Bhatt et al. [23] established a systemaaaiework for formulation and evaluation
of system-level performance on the basis of theviddal-module characteristics and
affiliated kinematic constraints. A kinematicallprapatible framework for cooperative
payload transport by nonholonomic mobile manipukais proposed by Abou-Samah et
al. [24]. Having satisfied kinematic capabilityetle exits the potential to further optimize
the performances by taking into account of dynacmnsideration, such as interaction
forces on actuation level. To facilitate the mamatece of holonomic and nonholonomic
constraints within the system, dynamic controllesuld achieve better physical

performance and improvement in the actuation imppaofiles.
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1.5 Research Issues

While some researchers have attempted to investigaimne kinds of mobile
manipulation schemes, in this thesis we will spealfy focus on the use of
nonholonomic wheeled mobile manipulators for coapee payload transport in a
decentralized manner, in addition to this, oneipent problem is formation control and
obstacle avoidance for multi-agent nonholonomidesys. On this basis, this thesis can
be separated into two parts. In the first partwilelook at how to achieve decentralized
dynamic motion/force control of NH-WMM cooperativ@anipulation, while the second
part would consider the incorporation of formatioontrol within obstacle avoidance
framework for multiple nonholonomic mobile robot iem planning. Three principal
research questions may be posed and the intimatgicg between these two parts is

illustrated in the posing of these questions.

Research Question 1. What kind of control structigrenore suitable for use in

multi-robotic systems?

As noted at the beginning of this section, a deeéiméd control structure is
usually superior to its centralized counterpartt Bow to “divide” the how

complex system into “pieces” and control them imdlinally is not a trivial task.

Research Question 2: How to resolve the variouserkatic constraints
(holonomic and nonholonomic) and deal with thenthie control algorithm? How to
resolve the multiple levels of redundancies in thedular level which manifests as

dynamic actuation redundancy and in the systeml idch manifests as grasp force
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regulation?

The entailed research challenges with respect ito ghestion come from two
aspects. First, the disk-like wheeled mobile basessubjected to nonholonomic
constraints, and it is well identified by Brockf6] that nonholonomic systems
as a class of systems that cannot be stabilizedmi@oth time-invariant state
feedback law. This implies that motion planning arahtrol of such systems
deserves more special treatment. Secondly, theased workspaces, mobility
and manipulability could be obtained in the costcohsiderable redundancy
which needs to be suitably resolved in a dynamielléNith this system structure,
it is worthy to note that three levels of redundanome into it. First, when given
a starting point and destination point, the nonhoioic motion planning should
be used to solve the indeterminacy. In addition,ifdividual agent, the mobile
manipulator is kinematically redundant in the sethse the surplus of articulated
degrees of freedoms than the required tasks, asw dynamically redundant
because of the surplus of actuation than the cboutputs. The end-effector
motion could be decomposed into displacements @fdimts of the manipulator
and rotations of the wheels of the mobile basealljinthe payload transport is a
planar version of grasp problem, the force distidouand internal force control
should be well resolved in an optimized fashionteAfdesigning a suitable
motion/force controller for the collective, the rthiresearch issue immediately

becomes obvious:
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Figure 12: Wheeled mobile manipulator collective with payloadasak ideal paralel parking manuver

Research Question 3: Which kind of formation cdnédgorithm would be in
accordance with the previous developed decentilmetion/force control law? How to

incorporate obstacle avoidance within all of thesatrol frameworks?

As observed in question 2, for nonholonomic motmanning, even if this
trajectory isa priori specified, it may have to be modified to avoid abkts as
shown inFigure 12 On a higher level, we notice that the formationteol is of a
paramount significance for many engineering andtamy task. A resolution of

these pertinent problems is indispensable for ardevarray of applications.

All the above mentioned challenges can be seemgur& 13 where a hierarchical

structure of control problems is illustrated.
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Figure 13: Difficulties of payload transport with NH-WMM

1.6 Thesis Organization

The remainder of this thesis is organized as fatow

Chapter 2 provides an overview of a variety of ipmelary knowledge on modeling
and control of constrained mechanical systems. Sdetailed background theory

includes operational space dynamics and controktcained Lagrange dynamics.

Since the focus of this thesis is on force contfoinanipulators, we will introduce
and categorize some popular force control scheraeslabed since three decades ago in
Chapter 3. We will also highlight the benefits dimditations of some approaches and
show some empirical and visionary perspective lgasimthe existing experiment results

and some related literature.

Chapter 4 focuses on the modeling and control of MéMWe begin by investigating
the kinematic and dynamic model of WMR since it'sub-system of WMM and many
similar problems of WMMs would be encountered tireréke nonholonomic motion
planning, kinematic and dynamic motion control @hholonomic systems. Then the

similar analysis would be performed in the WMM sgystwith a focus on task space
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consistent dynamic control method. As a main bofiyh thesis, the multiple grasp
modeling would be investigated therein and the neabzed control of WMM

collectives would be presented in this chapter.

To further the theoretical study of WMM controletformation control of a group of
WMMs would be presented in Chapter 5. The mobilbotoformation problem is
investigated first for a basic study, and this fpeabis split into trajectory tracking and
static obstacle avoidance, formation control andpeoative obstacle avoidance. All of

these results are generalized to mobile maniputatses.

Chapter 6 presents simulation results for varioueresting cases studies using the
dynamic equation formulated in Chapter 3. In paftc the first two case studies were
performed for the dynamic payload transport scendrhe subsequent two cases were

targeted at mobile manipulator collective formatoamtrol.

Chapter 7 introduces the experimental setup anfloaion procedure. This chapter
presented a detailed hardware and software sesipgoan the ATI force/torque sensor,
XxPC Target and PC/104 platform. A force sensorbcaiion and manipulator torque

calibration method is proposed therein.

Chapter 8 summarizes the contributions in this warld concludes with providing

suggestions for future research.
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2 Background

2.1 The Operational Space Dynamics Formulation

2.1.1 Manipulator Dynamics with Environment Interaction

Before analyzing the dynamic behavior of multiplampulators, it is necessary to
examine the dynamics of individual module withdegree of freedoms. The dynamics of

an open chain manipulator can be described indihé gpace as

M(g)j+C(g,9)+G(g) =1z [2.1]
where ¢ € R"is the full set of generalized coordinate®[(q) € R""is the inertia
matrix expressed in terms of the extended cooreiset, C(q,¢) € R" denotes the
Coriolis, centrifugal forcesand G(q) € R" denotes the gravity forcer € R"is the
generalized control torque.

The forward kinemics of the manipulator with redpiecthe end-effector position

and orientation, is given by

z = 9¢(q) [2.2]
Differentiating the above equation, we can get ripping between joint space

velocity and end-effector velocity by

i =J(g)q [2.3]

where J(q) is the manipulator’'s Jacobian matrix.
When the manipulator end-effector is in contact hwihe environment, the

constrained dynamic equation of motion would become

M(q)i+C(g,9) +G(@)+ T (QE =1 [2.4]
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where F. is the contact forces at the end-effector.

For redundant manipulators that not in static égpum, the mapping from the task
space forces to the joint space forces is surjecliie null space joint torque would not
affect the resulting forces at the end-effectod #me relationship between task space
forces and joint space forces is characterized by

T=JYQE +I — T ()T ()1, [2.5]
where I is the n x nidentity matrix, J” is the generalized inverse of, and 7, is an

arbitrary generalized joint torques which is pregecto the null space off " * .

To establish the operational space dynamics, vet dise the relationship between
task space acceleration and joint space accele@%J(@Q-l—J(g)Q, which is

obtained by differentiating = J(¢)¢ . Then we multiply the first equation by the matrix

J(¢)M(q)" and use the acceleration relationship

i+ ()M (9)C(q,9) — J(@)q) + ()M (q)G(q) + J(¢)M '(q)J " (q)F, =
(J(M ™ (q)J" (@)E + J(g) M (q)(I =T (¢)T""(q))z,

[2.6]

The inverse of the matrix that multiplies is defined as the task space inertia
matrixH(q) = (J(q)M '(¢)J"(¢))"". To make the task space acceleration is not affect

by, , we can set the term involving, zero, and this results to

J(Q)M " (q)(I =T (q)]" " (), = 0 [2.7]
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The joint space inertia weighted generalized inwersf J(¢q) , defined
byJ(q) = M'(¢)J"(¢)(J(¢)M '(g)J"(¢))"", and is the unique dynamically consistent
generalized inverse which guarantees the abovdieguwlds.

With this dynamically consistent generalized inegerg can be shown that the
dynamics of the end-effector can be obtained byepting the joint space dynamics into

an operational space specified as the end-effeptze. This yield

H(q)i+ B(g, )+ P(@) + E = E [2.9]

2.1.2 Task/Null Space Decoupled Control

Any manipulator dynamic equation described in j@pace, like Equation[2.9], can
always be transformed into the operational spawg n@otion control can be implemented
thereafter basing on the task/null space decouplifite generalized torque/force
relationship provides the decomposition of theltotatrol torque in Equation [2.10] into
two parts of dynamically decoupled control torqtlee one corresponding to the task

behavior and the one that only affects the coniian space behaviors [25, 26]:

Or the above equation can be explicitly written as
T=J'(¢)F +N'z, [2.12]

whereN”™ = (I —J"(¢)J"(q))-

The dynamically consistent inverse is a generdlireerse that when task space
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d.o.f is smaller than the configuration space d.o£. an underconstrained case. The
dynamically consistent inverse is weighted by tbeitj space inertia matrix. It is
important to note that the task space force andnthiespace force are “orthogonal”,
which means that the null space torque would noegged motion in the task space. To
see this point, we calculate (from now on, we waudtl show the parameter dependence
in the parenthesis for simplicity reason)
(J'E) (N'z,) = ETJ(I = J"J ")z, [2.13]
Using the symmetry df— J”J", Eqn [2.13] can be rewritten as
(J'E) (N'z,) = E"J(I - JJ)z, [2.14]
Noting that/(I — JJ) = 0, Eqn [2.14] would show the “orthogonality” between task
space force and the null space force.
The task space control force, can be selectedrdeide a decoupled control
structure by choosing

F=Hf +

153:
lawh
I3

+P+

where the symb(ff denotes the estimation of the quantities. Khatiloppsed a
generalized selection matrix as presented in [28he force selection matrix is denoted

as 2, to get the force controlled direction signal, wdes (2 is used to denote the

motion control direction. The sub-control forcadesigned as
=00 +Qf [2.15]

With appropriate selection matrix, the resultingnasyics would become

*

i o= f [2.16]

*

i = [2.17]
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The motion control inputf, can be designed in terms of the linear system pole
placement method, while the force control ingfjtis usually designed based on the

relation between motion and contact forces. Thaadlveontrol framework is shown in

Figure 14

b

Force Control
* Qf
fy f —
- H J’
Xy m
_> Qm T
Task Space Contrpl ~ ~
—> b B P
i BN
Null Space ContrT: NT

Figure 14: Operational space motion/force control architecture( modified from [26, 27])
2.2 Constrained Lagrange Dynamics
2.2.1 Multiplier Form
De Sapio et al. [28] presented an operational span&ol approach for the general
class of holonomically constrained multibody systdfor a more general holonomic
constrained mechanical system, the setofconstraint equations can be written as

=10 [2.18]

The configuration space is constrained onr: & n — m dimensional manifol@“ .

By taking the gradient of the constraint functiamg get the constraint matrix

_%

A=
dq

[2.19]

The constrained dynamic equation can be modifigdnms of [2.4] as
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Mijg+C+G=1+1, [2.20]

where 7, is the generalized constrained forces.

Figure 15: Visualization of constrained space [28]

Since the constraints do no virtual work underualtdisplacement that is consistent
with the constraint equations, we have 1 6q for allég € N(A). The symbol N(A)
represents the tangent space of the constraintfolching)® at some point in the
configuration spac@ € R". The generalized constraint forces are orthogonal to the
constraint consistent variatiofig. This geometric relation is visualized in Figurg. 1
With these derivations, it is easy to see that

7, € N(A)" = R(4") [2.21]

So the generalized constraint force can be repredes a linear combination of the

columns ofd”, i.e.r, = A"\, where )\ is an unknown Lagrangian multiplier. Then the

dynamic equation of constrained mechanical systembe expressed in the multiplier

form as

Mij+C+G=1+A'X [2.22]
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2.2.2 Solution of the Constrained Dynamics Problem

To solve the forward dynamics which is usually usetbbotic dynamic simulation,
we can assume the Lagrangian multipliers are kndlwus, the acceleration can be written

as
§=M"'(z+AA-C-G) [2.23]
By differentiating the constraint equation twices van get
Ag+Aj=0 [2.24]
Thus it is easy to find the explicit form of thedrangian multipliers as
A=(AM AT (-4 + AM(C + G - 1)) [2.25]
Following the notation in [29], we can rewrite E¢joa [2.25] as
A=-AAg+M 'P(z-C~G)) [2.26]
where A= M'AT(AM'A"Y" and P, =T —A"(AM'A")"AM™"'. The first term
represents the accelerations due to constrainegetd A ¢ . The projection matrixP,

projects the generalized forces to those that ddwo the system, or to say, the forces in

the unconstrained directions. Thus, the joint aeglons come from the contribution of
—AAQ and M 'P(r —C —G)) which are in the constrained and unconstrained

directions respectively.

2.2.3 Energy Minimization Perspective of Dynamic Consistent Matrix

In the first part of this section, we show the dation dynamically consistent
generalized inverse in the operational space criteonework, it is interesting to

perceive this mathematical relation from an emenyimmzation perspective. Recall that
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the operational space velocity and joint spacecisids related by the Jacobian matrix as
z=Jq [2.27]

We would try to find out a solution of Equation 2Z] which minimizes the kinetic

energy of the system
T=-¢"M§ [2.28]

The solution of this constrained optimization peshlcan be found straightforwardly

as
G=M"JIM ) g [2.29]
Noting that the dynamically consistent matrix igegi by
J=M"'J"JM T [2.30]
We have thatq = Ji yields the kinetic energy minimizing the solutioh [2.27].

By the same token, we notice that the acceleragtation of operational space

and joint space are related by

Ji=3i-Jq [2.31]
We would like to find the solution which minimizkbe acceleration energy, defined
as the joint space inertia mass matrix weightedlgaiee form

E = % §'Mi [2.32]

This solution is obtained as
G=M"JIM )N E - J9) [2.33]
It is just in the form ofj = f@—Jg) that the acceleration energy minimizing

solution of Equation[2.31].
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3 Force Control of Manipulators

Motion control is imperative for a variety of robmottasks, but for the
accomplishment of more complex robot tasks, mdfitwoé control is more desirable. For
example, one of the most import tasks of mobileotslis localization and mapping, and
belongs to the motion control category. But for mte@bmanipulator systems, the
capability of manipulation becomes more crucialhwihe combination of mounted
manipulator and mobile base. With some appropgaterol algorithm, it is possible to
decouple the manipulator subsystem apart from tbieilenmanipulator system, and with
some further modification, it is possible to apptg force control algorithms of general
serial chain manipulators to this new subsystemthi®end, we would take a look at a
diverse array of force control approaches develsmece 1980s.

When interaction occurs, the dynamic coupling betw¢he end-effector and the
environment are becoming important. In a motion fimde control scenario, interaction
affects the controlled variable, introducing empon which the controller must act. Even
though it is usually possible to get a reasonaldgueate dynamic model of the
manipulator, the main difficulty comes from the dymc coupling with the environment,
while the later is usually impossible to model be tmodel is time-varying. A stable
manipulator system could usually destabilized leyehvironment coupling.

A number of control approaches of robot interactiawe been developed in the last
three decades. The robot compliant motion contaml lbe categorized as the one that
performing indirect force control and direct formantrol. The distinguished difference of
these two approaches is that the former achiewe foontrol via motion control without

explicit force feedback loop, and the later, indte@an regulate the contact force to a

29



desired value because of the explicit force feeklbaap.

X
—_—

F

control

P

Figure 16: Oned.o.f impedance control
To show the challenge force control, we can samplse example as shown in Figure

F

enviroment

18. One rigid mass object is placed on a horizofketion plane, and the equation of

motion of the system is

me + be = Efontml + enviroment [31]
A proportional integral motion controller is applias
Ki
Eontml = Kp (xd - x) + _(xd - fl:) [32]

S
If there is no environmental interaction, thafjs, ..., = 0, the closed loop system
would be

r KPS+KZ-
x, ~ ms® +bs’ +K,s+ K,

3.3]

In terms of the Routh-Hurwitz stability criterioa,condition for the motion control
system is

bK
K <—=t [3.4]

om
But when the robot is in interaction with the eonvent, or simply coupled to a mass

m this condition would become as

enviroment !
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bK
K<—-2 [3.5]
m—+m

enviroment

When the coupled mass is large enough, this camdivould not be satisfied,
especially when the environment is a varying syst@hich is usually not possible for a
constant coefficient controller. So a stable issdatontroller does not necessarily work in

contact, even it is just a simple inertia environine

3.1 Impedance Control

The indirect force control includes compliance $tiffness) control and impedance
control [30] with the regulation of the relationttveen position and force (related to the
notion of impedance or admittance). The manipulaioder impedance control is
described by an equivalent mass-spring-damper raysitigh the contact force as input.
With the availability of force sensor, the forcgrsal can be used in the control law to

achieve linear and decoupled impedance.

X .
Impedance Inverse >

Control > Dynamics =P Robot +Environment >

o G
[

e Direct Kinematics

Figure 17: Impedance control diagram
One simple illustrative example (Mark Spong) of adance control can be seen in a

one d.o.f system as shown in Figure 18. One rigg@sobject is placed on a horizontal
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frictionless plane, and the equation of motionha&f system is

Mx = F’,om/ml + F

C enviroment

[3.6]
When the control input is zero, the system is apoertia with masa/ . If the force
control is chosen &, ,, = mF, the closed loop system is then

enviroment !
Mi=(m+0E,. =M i [3.7]

enviroment enviroment
(m+1)

Hence the object now appears to the environmentaamodified inertia with

mass(%. Thus the force feedback has the effect of chantiie apparent inertia of
m

the system.

F F
control envirorent
=  Mass —

.

Figure 18: Oned.o.f impedance control

Impedance control aims at the realization of aaklét relation between the forces and
motion at the point of interaction between the tadoed the environment. This relation is
posed as impedance, i.e. describes the velocity rasult of imposed force. The actual
motion and force is then a result of the imposegeadance, reference signals and the
environment admittance (which is the opposite gieaance, i.e. describes the force as a
result of imposed velocity). It is found that impede control is superior over explicit
force control methods (including hybrid control) its stability characteristics and
generality, however at the price of accurate fdraeking which is better achieved by
explicit force control. It is also shown that sop®eticular formulations of hybrid control
appear as special cases of impedance control, arektihe impedance control method is

selected for further investigation.
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As mentioned previously, impedance control is basethe recognition of a two way
coupling between manipulator and environment. Toigpling may lead to an exchange
of energy between the manipulator and the enviremymehich has to be managed
properly. In the following a derivation of the ingance control law will be given, and an
attempt to unify impedance control and hybrid coinwill be given. This will clearly
illustrate that impedance control just as well whoa conceptual separation of
constrained and unconstrained directions, but witme single control law, and without
the stability problems of hybrid control.

The derivation of the standard impedance contselitarelatively straightforward, as

it is based on the rigid body equations of the tobo

Mi+C+G+J'E =1 [3.8]

The goal of impedance control is to transform tbbot dynamics by appropriate

selection of the actuator torqueinto desired impedance, relating the tip movenent
the external forces.

Mz + Bi + Kz = F, [3.9]
where z is the end-effector coordinates in a suitable dioate frame (usually in

Cartesian coordinates). The matridés B and K are respectively the target mass,
damping and spring stiffness, which are chosenhieyuser. Because of simplicity the
target matrices are usually chosen to be constaditdéagonal, but the choice is not
limited to this.

Recall the task space and joint space mapping

z=20¢ [3.10]

i=Jg [3.11]
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i=Jj+Jg [3.12]

In principle the two equations [3.8] and [3.9] hady one unknown: the actuator

torquer , which means that one variable, can be eliminated.

The control law that achieve the target impedaace i

T=C+G+J'E +

[3.13]

MJ M NF, — MJ§— BJg — Kz)

The first line of Equation [3.13] eliminates theis#ing rigid body dynamics, while

the second line inserts the target impedance.

3.2 Hybrid Motion/Force Control

If a detailed model of the environment is availadlke the geometry, a widely

adopted strategy is the hybrid motion/force contvdiich is aimed at explicit position

control in the unconstrained task direction andcdocontrol in the constrained task

direction. Usually, a selection matrix is usedilieif the direction of position or force that

to be controlled.

measured joint position, velocity

measured position/orientation Block
linear/angular velocity Forward
Kinematics
Block A
Motion Signal - Motion _ | Transformation
— ™ Filteri | Servei o
desired ilte ring rvoing
position/orie ntation Block B

linear/angular velocity

desired
contact force

to Joint Space
Block C

F.u: di:orwu.rdll:?mpc.m.:aliun of Robat
Gravity, Conols, Friction ete. M

Block E

—s= Force Signal

¥

Force
Servoing

Block F
_ | Transformation

to Joint Space

Filtering
Block I}

measured contact force

Figure 19: A generic structure of hybrid force control [31]
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Figure 19 illustrates the generic structure for nodthe existing hybrid motion/force
control schemes, which are further roughly dividteid four categories as shown in [31]:
joint space servoing without inverse dynamics, afjenal space servoing without
inverse dynamics, operational space servoing witerse dynamics and constraint space
servoing with inverse dynamics.

. In [32], Raibert and Craig presented the theemyyulation and experiments of
hybrid position force control, and the control deg can be seen in Figure 20. The most
important characteristic of all hybrid control medls is the complete separation of the
tasks space into two orthogonal subspaces. Thdraorissurfaces can be quite complex,
such as in case of turning a crank or insertingravg or simple as in case of motion
along a plane surface.

The geometric constraint can be expressed by al@mp selection matri$, which
is generally a diagonal matrix with zeros and omeshe diagonal. A one corresponds to
a position controlled direction, a zero to a focoatrolled direction. The combination of

position control and force control is then simptyaddition of the two controller parts.

Control X

Robot +Environmenti—
Fd Force Fc
’ ?_' -S> control
Figure 20: Original structure of hybrid for ce control
T=7,+T,; [3.14]
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where 7, and 7, are suitable control torques for position and fareatrol respectively.

In the original formulation by Raibert and Craigetposition control law was chosen to

be a PID type controller:
7, =Ko, + K, [edt+ K¢ [3.15]
While the force control law was chosen as a satraype Pl controller:

QZW+KT+KUQﬁ [3.16]

wTe

The definition of the variables follows from Figu2®. It is well known that in case of
revolute joints this scheme may suffer from kinematstability as recognized by An and
Hollerbach [33]. A well known disadvantage of tlmeethod is the possibility of the
possibility of kinematic instability, and severaihmedies have been proposed. Due to the
separation into a position controlled loop and éocontrolled loop the same control laws
as in case of respectively pure position contral axplicit force control method can be
applied.

Another formulation of hybrid position-force contres the operational space
formulation by Khatib as showed in Chapter 2. Nbatthybrid motion/force control has
been presented, the explicit control of force stidnd considered.

i =f [3.17]

The main difficulty of the force control is becausfehe explicit force control loop. A
significant amount of literature is targeted abtemg this problem, but it is still not fully
addressed. Many proposed explicit force controlenes modified versions of the PID
control law. The most commonly applied method isndad proportional force control

with force feed-forward:
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fi=F+K/(F-F)-Kji 3.18]

which is also applied in a similar fashion in thpemtional space formulation as

presented above. Another popular approach is damgesgtal force control:
=K, | (F,—F)dt— Kz [3.19]

Finally, an often proposed method is PD or leadrodn

*

sa
f; :E1+(Kfp +des+—a>(E1_F) [3.20]

where s is the Laplacian operator. Experiments and themaetinalyses have shown
that all of the above methods may suffer from impdee performance or even instability,

such that it is important to consider this problem.

37



4 Dynamics and Control of Mobile Manipulator
Collectives

4.1 Mobile Robot Kinematics and Dynamics
4.1.1 Mobile Robot Kinematics

Wheeled mobile robot (WMR) can be categorized imto basic types as holonomic
and nonholonomic mechanical systems in terms of Kwematic constraints.
Holonomic constraints on the configuration-spaceth# system can be expressed in
terms of algebraic equations which can be writtetne form of:

Cb(g) =0 [4.1]
where ¢ is the vector of generalized coordinates that mitese the configuration of the

system. Nonholonomic constraint is the one thatnoarbe expressed with purely

configuration variables in the form of

®(q,4)=0 [4.2]
Mechanical systems that contain nonholonomic cairgs can be reformulated in the

Pfaffian form:

Alg)g=0 [4.3]

where A is the constraint matrix and is a function of onjy . For example a rolling

wheel possesses a holonomic constraint in thengpltlirection and a non-holonomic

constraint perpendicular to this.

Specifically, no motion velocity restriction is imged on holonomic WMR, and

holonomic WMR possesses maximal number of degréeefloms (as in the planar, it is
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3). A diverse variety of mechanisms are employedragersal wheels, omni-directional
wheels, orthogonal or ball wheels to implement Bi@mic motion. The distinct feature
of holonomic WMR is that it permits easier motiotarming comparing with their
nonholonomic counterparts. Figure 21 shows a paiesster version of holonomic

WMR.

Figure 21: A holonomic mobilerobot prototype [34]

Nonholonomic WMRs possess less than 3 degree eddras (d.o.f). They are simpler
in construction and thus cheaper with less corabtdl axes and ensure the necessary
mobility in plane. Over the millennia, the “wheelptatform design” with multiple sets
of disc wheels attached to a common chassis hgsdsfgopular for many reasons. Most
importantly, the disk-wheel based design allows furdy and robust design
implementation. While the mobility, steerabilitynda controllability of the overall
wheeled system depend largely upon the type, nanadocations of the attached wheels,
this is a reasonably well understood. See [35,{86h survey of some of the different

design configurations possible for wheeled basesyeration on planar terrain.

In this section, we develop the kinematic model gnedterminology for the WMR and
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the WMM that will be used in subsequent dynamiclysia First, we consider the
WMR alone and its nonholonomic constraints. Then aensider the addition of the
manipulator and develop all necessary kinemateticeiships. Finally, we assemble the
constraint matrix, the nullspace matrix, and cargta Jacobian matrix which relates the

task-space to the joint space.

The WMR in our research is composed of three distigid bodies: mobile base, left
and right wheels. A body fixed framé)M } attached at the center of mass of the WMR
determines the pose with respect to the fixed gfoiiame{F'}. The mobile base is

actuated by two independently driven wheels ofiradilocated at an equal distande
on either side of the midline. The wheel axes aplinear and are located at a
perpendicular distancel > 0 from the center of mass. The instantaneous WMR

configuration can be fully described by the extehslet of generalized coordinates:

q, = [xc Y. ¢ Oy HL}

0,
{F} X,

Figure 22: Nonholonomic mobile robot kinematics
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where (z,,y,) is the Cartesian coordinates of the center of massl ¢ is the

orientation of the WMR,#, and 6, are the angular positions of the left and right

wheels, respectively. For later reference, we rwee that the first revolute joint is

located at the look-ahead point which is located perpendicular distance.

At the velocity level, the kinematics of the mohitdot can be simply expressed as:

T = vCos®
Yy = vsing [4.4]
¢=w

where (z,y) is the Cartesian position of the center of thesafl the robot,¢ is the

orientation of the robotpy and w are the linear and angular velocities of the rolvoa
kinematic control scheme, the linear and anguldocitees are used as the input to the
system. With the kinematic relation of the mobilatform, the mapping from the wheel

angular velocity to the mobile base linear and #rgeelocities is

r r 6
y L
—|2 2| [4.5]
w r r 0
- T L
2b 2b
Similarly, we can find the reverse relation of thw vectors as:
; 1 b
- v
M=o [4.6]
6, |L _bl¥
r r

The system is subjected to 3 nonholonomic condgraifhe first constraint of the
mobile base comes from the nonholonomic behaviothef wheels and restricts the

velocity of the WMR in the lateral directions to bero as

41



—i sing 4 7, cos¢ — ¢d = 0 [4.7]
The other two constraints, relating the base vatxand the wheel velocities, ensure

the no-slip condition at each rolling wheel in fbeward directions.
&, cos¢ + 7, sing + bp = ré, [4.8]

i cos¢ + 4, sing —bp = 16, [4.9]

The set of m (=3) constraints can be written in Pfaffian form as

-5, C, —d 0 0

¢ ¢
A(q)4, =0 and A(q)=|-C, =S, —=b r O [4.10]
-C, =S, b 0 r

where S, =sing and C, =cos¢ . By taking the independent joint velocities

T

ofz =6, 6,|, the corresponding null-space matrix that anriédathe constraint

matrix can be determined as:

c(bC, —ds,) c(bC, +dsS,)
c(bS, +dC,) ¢(bS,—dC,)

q, = S,z,and S, = c —c [4.11]
1 0
0 1

where c:2—rb. We define a look-ahead poin with Cartesian coordinates

r, =z, +LC,

Yy LS [4.12]
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where L, is the distance from the center of massRa The corresponding Jacobian
that relates independent joint velocities to veipoaf the look-ahead point can be
determined as:

1 0 —=L,sing 0 O
and J

= 4.13
“ 101 L,cos¢p 0 O 4.13]

whereL, =d + L,. J, relates the base velocities to the generalized base velocities

q,-

4.1.2 Mobile Robot Dynamics

The dynamics of a mechanical system can be modeded) a variety of different
techniques. For this thesis we will use the endaged Lagrange method because of its
simplicity, as outlined by Angeles [37]. Like othenergy-based methods, the Lagrange
method only considers external forces acting ondysem and neglects all internal
forces. Therefore, the resulting equations of aroire greatly simplified and internal

forces are already factored out.

The energy-based Lagrange method is based on thepbe of virtual work. By
accounting for all sources of power entering theteay, present in the system, and
leaving the system, the equations of motion cafobed. Because joint forces internal
to the system have no accompanying displacemdrdg,do no work and are therefore
not included in the final equations of motion. A&fes [37] has outlined the following

systematic method for finding the unconstrainedagigns of motion.

1. Introduce a set of generalized coordinatgs- ¢,,---,q,]" and their time rates

of change ¢ = [ql,....,q'”]T, defining the state of the system.
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2. Evaluate T = T(q,q), the kinetic energy of the whole system, as tiva stithe
individual kinetic-energy expressions.

3. Evaluate V = V(q), the potential energy of the whole system, asstima of the
individual expression, for every element storinggombial energy.

4. Evaluate L = T -V, the Lagrangian of the whole system:= L(q,q).

5. Evaluate IT = Il(g,¢), the power supplied to the system from externakses
(IT > 0). Evaluate its partial derivativéll / 9q .

6. Evaluate A = A(g,c_j), the sum of the dissipation functions of all dissipa@lements of

the system(A > 0), as well as its partial derivativéA / 9 .

7.  Write the governing equation using the foregoing partiavdévies:
d|0L oL 0l 0A

aloi) oq 04 04

The resulting equations of motion can then be ptite following matrix form:

M(g)§ + V(g.q) = Bz [4.14]

where M is the mass matrix and contains the inertia termsis the input vector,F

maps the input,r, to joint-space, andl/ contains all other position and velocity terms.

Constraints can then be added very easily to tloenstrained dynamics to further
describe the behavior of the system. These couldde any combination of holonomic
or nonholonomic constraints. We also note thatstamts are the only way to
incorporate nonholonomic behavior into the equatiah motion. In either case, the

constraints will be incorporated on the velocitydein the following standard form:

Alg)g=0 [4.15]

The constraint forces can then be added to thensti@ned equation of motipni4],

by
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M(q)§ + V(g,4) = Ex — A") [4.16]

where ) is the constraint force andl” maps the constraint force to joint-space.

Specifically, with the help of the null-space matrihe constrained dynamics of the

WMR can be determined as:

Ma, (ga)ga +—ca<gm7g.a>:Ea <ga>za _A{lTA(I, [4'17]
where ¢ are the generalized coordinates of the mobile bagg.is the configuration

dependent inertial matrixg, includes all the Coriolis/centrifugal/damping teriend

E is the actuation transformation matrix that mape toint torques to the

a

corresponding independent joint coordinateg, is the Lagrange multiplier

corresponding to the constraints.

4.2 Mobile Manipulator Kinematics and Dynamics
4.2.1 Mobile Manipulator Kinematics

Kinematic analysis, including forward kinematic amiverse kinematics, is the
essential basis for dynamitic analysis and contakticularly, the wheeled locomotion
systems possess the nonholonomic characteristiosshwhake the kinematic relation
deserving precautious focus and treatment. From rifexhanical perspective, a
manipulator can be schematically represented agan kinematic chain of rigid bodies
connected by means of (generally revolute or prisnpints. The kinematics of a robot
manipulator describes the relationship between mmation of the joints of the
manipulator and the resulting motion of the rigatles which from the robot. Moreover,
wheeled systems, because of the rolling contacwd®t the wheel and ground, are

subject to nonholonomic constraints. These comggatan be represented at velocity
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level and thus becomes an essential element ofidatie analysis of a WMM of the type

shown in Figure 22.

{F}
Figure 23: Nomenclatur e of mobile manipulator kinematics and
dynamics
The full configuration of the base of WMM at angng can be fully described by five
generalized coordinates. These are the three Vesighat describe the position and

orientation of the platform and two variables tepecify the angular positions for the

driving wheels.

q = xc yc ¢ 0]? QL [4'18]

—a

The full configuration vector of the WMM can thug biven by augmenting the base

configuration vector with the angle4 and, .

46



qg=|z Y. o 6, 0, 6 60, [4.19]

c

The detailed derivation of homogeneous transforntrices are referred to the
Appendix. Briefly, in terms of the successive homwgous transform matrices, the

position vectorsr,, and r,, are given as

T
£01: [zc + LaCO + Lclc()l yc + LaSO + LCISOI} [420]

T
I o= [mc + L,cy + Licy + Loycyy Y. + Lsy + Lisy, + L(:QSOIQ} [4.21]

The position vector of the end-effectar, is given as

T
r= [C;b + Locy + Licy + Loy, 7y + LSy + Lysy, + L25012} [4.22]

One can now determine the velocity forward kinensafior each of the different
points of interest (for which we developed the posiforward kinematics) using the
twist-based mathematics. We show the process fercase of the location of joint 1 on

the base and present the results for the reseafdbkes.
We determine the body fixed twist of the frame gdpody fixed twist matrix and then
extract the twist vector. The velocity of joint #peessed in the inertial frame is given as
. AT
v, = |T, — L,s¢ Y.+ L,cd [4.23]

Following a similar procedure, we can determinedkpressions for velocities of any

point of interest. The resulting expressions avemgibelow as

. z, — (L5 + Lc1501>§1.5 - Lclsmél
U, =1 . . ) [4.24]
' Yo + (L,cy + Lycyy )P + Lycy,0,
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. &, — (L) + Lisyy + LipSpio)® — LSy + LioS012)0) — L02501292
Y%, = 1. . . .| [4.25]
Yo +(L,cy + Licy, + Lycyp) + <L1001 + Lc20012)91 + L.oCor00,

N j:c - (Las() + L1501 + L25012)¢ - (LISUI + L25012 )91 - L25012€2 [4 26]
'U()ﬁ - . . . . .
Y. + (La,c[) + Llc()l + L20012 )¢ + (Llc[)l + L2C(112>91 + chmzez

4.2.2 Mobile Manipulator Dynamics

For the mobile manipulator system, the constramts the same as the mobile robot
where the set of constraints can be written infRfafform in terms of the configuration

space of the mobile manipulator as

Alg)g=0 [4.27]

—sing cos¢p —d 0O 0 O O
whereA(q) = |—cos¢ —sing —b r 0 0 0.
—cos¢ —sing b O r 0 O

Considering the nonholonomic constraints, we cam fiad an appropriate annihilator

matrix that satisfiedS = 0. The set of feasible velocities could be paranwgdrin

. 1T

terms of a suitable vector of — m independent velocities, = [9 6 6, 0, as

§=5: [4.28]

c(bcosd —dsing) c(bcosd + dsing)
c(bsing +dcosd) c(bsing — dcos¢)
—c

where ¢ = - and S =
2b

SO R O O O O O
— o O O O O O

c
1 0
0 1
0 0
0 0
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If the task space is specified fayposition of the end-effector, the Jacobian thaites

the extended joint-rateg, to the task-space velocity as:
z=J,4q [4.29]

1 0 —L,sing 0 0 —L;sinf, —L,sinb,

where J = :
10 1 L,cos¢p 0 0 Lcost  L,cosb,

In terms of the velocity dependency, we can alwggsthe modified Jacobian with

respect to the independent velocities as
t=JS5z=Jz [4.30]
For the dynamic modeling, we make the assumptiat the interaction forces

between the end-effector and the environment ansidered to be pure forces (with

components). Furthermore, it is assumed that no enoms exerted on the end-effector.
With these assumptions, the Euler-Lagrange dynami@ation of motion (EOM) of the

constrained WMM can be described as

4.31
i [4.31]

where q is the full set of extended generalized coordinateduding the manipulator

configuration variables as mentioned aboM,(g) Is the inertia matrix expressed in

terms of the extended coordinate B¢, ¢) denotes the Coriolis, centrifugal and gravity

T
forces,F'is a full rank input transformation matrix; = |7, 7, 7, 7,| consists of

T
the four two wheels and two arms motor inputs = [F Fy} consist of the Cartesian

49



forces applied at the end-effector. THgmatrix maps the task-space end-effector

force,F , to the joint-space.denotes the Lagrangian multiplier.
We can now project the constrained EOM into theif#da motion space by the matrix
S"as
S™MG+S"V =8"ET, + STE,F — STA) [4.32]

SinceS lies in the null space of the constraint matfixthe last term in the right hand

side of Equation4.32] would vanish, thus the Lagrangian multiplier wohkleliminated.
Also use the relationshigi = Sz and its differentiatiog = SZ + Sz, Equation[4.32]
can be written in the form

H:+Cit+g=1+14 [4.33]
where H = S"MS is the symmetric positive-definite mass matri; = S"MS and

S"V includes Coriolis, centrifugal and gravity forces,= S"Ez, is a vector of

g
independent generalized actuation forces, and S"E,F is a vector of independent

generalized forces due to external forces actinthermanipulator.
To get a better insight into this system, we nbtg the generalized coordinate of the

T
WMM can be decoupled as= , where ¢ as developed previously are the

4 4
generalized coordinates of the mobile base anas the generalized coordinates of the
manipulator. Then we can reformulate Equatjer33] in a partitioned manner as

T

a —

F—
0

[4.34]
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A,(q)4 =0 [4.35]
where M,, (q,) is the mass matrix of the mobile basel,, (¢) is the inertia matrix

representing the dynamic effects of the motionhef thanipulator on the basé/,, (g)

inertia matrix representing the dynamic effects tbé motion of the base on the

manipulator and M, (g) is the inertia matrix of the manipulatof,(q,¢) and

V,,@,g) are the vectors that include Coriolis, centrifugald gravity forces for the
mobile base and manipulators respectively.

After the observation of the partitioned form o tBOM, we notice that the matrixd
in the Pfaffian form actually come from the molbl@se, so we can also define the matrix

S, which takes the columns af that only consists of constraints of mobile basgtlig
same token, we can similarly project the constihieguations on the space of feasible
motions by  pre-multiplying  the  partitioned EOM by S’ and
substitutingj, = S,Z, + S,

Z , itis simplified to

—a

(S'M,,S,)2 +SIM,,S,2 +(SIM,S, )G, + SV, =7, + S/ E,,F [4.36]

aa™~a aa™~ aZa ab

4.3 Molding of Multi-Grasp Manipulation

In cooperative manipulation literature, much reskeaffort is devoted to the internal
force control. An internal force is a set of contimrces which result in no net force on

the payload.
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Figure 24: Payload grasp homenclature
The first motivation is because large internal ésravould usually be produced in

multiple manipulator motion control, and the othexason for characterizing and
controlling internal forces is the desire to satifiictional constraints during multiple
manipulator manipulation. Internal forces are ulsuadéfined according to the null space
of the relationship between applied forces andrtresultant, like the force distribution
work by Kumar and Waldron [7]. Kumar, Yun, PaljugdaSarkar [38] used the
characterization of grasp-force redundancy to abmélative motion at the contact point,

and this redundancy is used to minimize internadds during motion.

ConsiderN multiple manipulators rigidly grasp a common pagloand each
manipulator applies force/moment to the objectresvd in Figure 24. For convenience,
we always choose the center of mass of the paymd the payload reference point,
and we also choose the contact coordinate fraspgych that thez -axis of this frame
points in the direction of the inward surface ndrratithe point of contact [39]. The

world coordinate, payload coordinate amth grasp coordinate are noted{&$,{O}

and {C,}respectively. The absolute configuration fp} with respect to the world
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coordinate {F} is given by a position vector;, and the 3 x 3 rotation matrix'R, .

The generalized velocity ofO} is expressed by & x 1vector

T
z,=v" W [4.37]
where v and w are the linear and rotational velocity vector.
The payload Newton-Euler EOM can be described
Mji +C, =E [4.38]
m, I, 0, —m,g
where M, = , C, = . m,and I are the payload mass and inertia
0, I, wx [ w

respectively, I, is the 3x 3 identity matrix and0,is the 3x3 null matrix. F is the

resultant wrench vector by the multiple manipulagoasp. If we note the pure force

applied to the payload at théh contact ag], the cascaded vector ol forces

T
F=|E" F. | would be mapped to the resultant wrench at theeete point by

— =1
the 6 x 3N grasp matrix W as

F =WF [4.39]

Any component of the vectérthat lies to the null space diV is the internal force.
The null space approach works well to minimize rimé forces during motion, however
when the forces are regulated to a non-zero vahe,resulting object deformation
depends on the basis vectors used to describauthgpace. So here we would adopt the
virtual linkage model [40] proposed by Williams amhatib, which is a physical

characterization of internal forces.
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In a cooperative manipulation scheme, the relalign®etween applied forces and
their resultant and internal forces can be desdriye
E

_ql: [4.40]
Fy

E

—int

where F represents the resultant forces at the referenicg, pf),, is the internal forces

nt
and F, is the forces applied at the grasp pointG is called the grasp description
matrix, and relates the forces applied at evergmmoint to the resultant and internal
forces in the payloadG can be decomposed as

Gre&l Gre&N

G =
Gvﬁm‘,,l t Gi'm‘,,N

[4.41]

where G, is the contribution ofE, to the resultant forces in the payload a€y,
to the internal ones.

The inverse relationship can be obtained as:

F
—1 1 EO
=G 4.42
Ent [ ]
Fy
Similarly, the inverse of grasp description matix;, can be written as
ér(ﬁs,l é]ﬁnt.l
G'=] : [4.43]
é ‘es,N C_;’mt,N
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4.4 Decentralized Control of Mobile Manipulator Collectives

Before presenting the control scheme for multipleIM&, we would like to look back
to some simpler cases, i.e. the human motor coatrdImulti-finger hand robot control.
A multi-finger robot can be modeled as a set ofotsbwhich are physically
interconnected with the common payload by sometiposand velocity constraints. One
of the significant challenges of controlling sugtstems comes from the computational
consumption, and this problem becomes more imposdren the number of fingers
scales up. Although it is conceptually simple amdilar to general robotic systems, this
complex system with large amounts of sensory feddlauld have high computational
requirement even with the state of the art hardwdmeour system, each mobile
manipulator module has four actuators (could beenfor general spatial manipulator)
and mobile base has three constraints, so the @fUeatate space model could be
substantially high even for three or four modul&snsing the system state and computing
the control torque should be accomplished with itisaconds, and this is impossible if

the system is modeled as a complete complex system.

This kind of difficulty of also recognized by thesearchers of biomechanics, and the
human motor control mechanism is studied underrtiagvation. It is shown that human
uses a hierarchical control scheme for a humarefirigs shown in Figure 25, the highest
level is represented as sensory and motor cortaxydgtem and cerebellar structures. The
lower level as expressed as spinal cord, a paingérs forms a composite system. The
lowest level is implemented by muscles and sensmgans for each finger. This

hierarchal structure shed light on the control madtfor multiple WMMs.
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Figure 25: Hierarchical control schemefor a human finger [39]

Coordinated motion/force control of multiple serthlain manipulators has been well
studied and the coordinated control algorithms psegd as far can be categorized into
five types as summarized in [41]: the master-sigpe of control algorithms, the hybrid
type of control algorithms, and the compliance Hasentrol algorithms, the object
dynamics based control algorithms, and the augrdemgnamics based control
algorithms. Here we would adopt an algorithm simila the object dynamics-based

control to achieve a decentralized control.

If we specify the desired trajectory of the payl@ad’, then the following resultant

force

F=C +M(& +K, (& —2,)+K,(z) —z,) [4.44]

could guarantee the payload is controlled so astisfy the following equation
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(& — &)+ K, (& -2)+ K, (2 —2)) =0 [4.45]

where K, and K, can be tuned in a pole placement fashion.

In our system, each basic module is composed dfexahtially-driven WMR with a
mounted planar two-d.o.f manipulator. The commoylqad is placed on the multiple
end-effectors with passive revolute joints, andgdbleematic diagram of two cooperative

robot modules is shown in Figure 26.

{R X,

Figure 26: Schematic diagram of two cooper ative robot moduleswith
a common payload

Since the end-effector is connected to the paylnad revolute joint, this is a subclass
of grasp problem where the grasp forces do not kafal in the friction constraint cone
or to be positive. From the energy consumption geave, zero internal forces are
desirable. This mechanism implies that zero infefioraes are possible to be deployed in
a payload transport scheme. With this in mind, w&e determine the desired resultant

forces and internal forces, and these forces wbaldlistributed to individual agent by
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Equation[4.42]. These distributed forces would be tesired forces for individual
NH-WMM. Every NH-WMM could use the sensed local amhation to achieve

decentralized control. The controller structurehswn in Figure 27.

aF: tion/force] X
—F—_®| motion/force
| 9130 controller [ ™| RoPOtl fes
X4 f
F Payload F—fomeb Grasp *
decomposition
— "% Force/Motior| F,, ma?rix :
E Controller — X4n - r X,
IR T, | oioreree 3] robot
fsn

f

Figure 27: Decentralized controller of the cooper ative payload transport system

Physically, when the payload geometry is known mrithe payload motion can be
sensed by individual modules with the joint sens8sone of the special features of this
control structure is that this is a decentralizedtwller, which would be scalable with
increased robot agents when more agents are necdesasome very complex task.
Secondly, since for individual agent, the task/ispiace motion is completely decoupled
with prioritized task accomplishment, the nonholamomotion base would not affect the
final end-effector performance, even when the tapkecified by the end-effector
motion/force is conflicted with the base. This spkdeature would guarantee that
multiple NH-WMM could always achieve good task pemiance while not getting

conflicted with each other.
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5 Formation Control of Mobile Manipulator Collectives
5.1 Motivation and Review

A variety of approaches have been proposed to asldhe problem of coordination
of multiple agents and various stability criteriedamany control techniques are reported
recently. The behavior based approach by BalchPakith [42] defines an interaction law
between the subsystems that leads to the emergenee collective behavior. The
leader-follower approach by Tanner [43] definesiexdichy between the agents where
one or more leaders drive the configuration schegemerating commands, while the
followers follow the commands generated by the desdHere, we would review a
systematic method of motion control for nonholonomnobile robots proposed by
Mastellone et al [44, 45]. In this framework, firssa Lyapnov-type analysis would
facilitate the derivation of feedback law that qardees tracking of reference trajectory
and collision avoidance. Then this result is exéehdo the multiple nonholonomic
mobile robot case, where formation control andded#sllower control can be addressed
within the same framework. Finally, the motion atioation problem for a group of
nonholonomic vehicles is addressed. We would exthisdmethod to motion control of
mobile manipulators and show the collision avoidarand coordinated trajectory

tracking capability with various simulation results

5.2 Trajectory Tracking and Collision Avoidance of WMR

The aim of this section is to find out a controllbat guarantees bounded error of a
reference trajectory while avoiding collision wigiatic objects. The special feature of
this approach is that it is not only capable ofismn avoidance with static objects, but

also is able to perform robot avoidance, whichmgerative characteristic in real world
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application. Much of the following derivation is nlibed according to [45].

Recall that the kinematics of the mobile robot barsimply expressed as:

T = vCos®
Yy = vsing [5.1]
¢ =w

where (z,y) is the Cartesian position of the center of thesafl the robot,¢ is the

orientation of the robotpy and w are the linear and angular velocities of the robot

this method, the robot orientatigris defined in the range @27), and the reference
trajectory is defined agz’,y") with bounded derivative. Correspondingly, the tiosi

error and orientation error are defined as

e, =1 —1' [5.2]
e, =y — y* [5.3]
e, =0—0" [5.4]

The coordinate of the objects to be avoided, inalydhe regular objects and the

robots, are defined &s8’,y°). With these definitions, a distance function ifire as

o

d:\/(m;xa)Q-i—(y_ﬁy )2 [5.5]

where aand [ are positive numbers to shape the distance funetohthey are usually

defined asa = 6 =1 for general case.
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Figure 28:The detection region and avoidanceregion

The avoidance function proposed by Leitmann andv&aski [46] as

a 2 2
r

2 p2

V, = (min{O, d, — i })2 [5.6]
where R >0, r>0and R >r. R and rare the radii of the avoidance and detection
regions. This function blows up whenever the radqgiroaches the avoidance region and
would be zero whenever the robot is outside theisgrregion. The detection region and
avoidance region can be seen in Figure 28 andubktafive avoidance function can be

seen in Figure 29. To define an asymmetric shapedlance function, we can choose

different values foraa andg.
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Figure 29:The Avoidance function

The partial derivative of the avoidance function t& obtained as

0
oV, |
0w 1B —r)d — B)(y —u,)
(d —r*)
0
oV, |
oy 1B —r)d — B)(y —u,)
y (d2 o TQ)B

A set of new variables are defined as

E =e + 8@?
E, =e, + 8@‘;‘1
The desired orientation is defined as
0, =atan2(—FE,

—E,)

iof d, >Rord, <r

, [5.7]

if r<d, <R

if d, >Rord, <r

, [5.8]

if r<d, <R
[5.9]
[5.10]
[5.11]

It is worthy to note thatd, defines a desired direction of motion that depemushe

reference trajectory, the robot position and thetaxtie to be avoided by the robot.
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One of the main drawbacks of this definition confesm the fact that some
configurations might lead to singular directionstioé robot. In order to avoid singular

cases, the following assumptions are used [44]
Assumption 1: The reference trajectory is smooth and satisfies
le,| = = [5.12]
2
This assumption on the reference trajectory imples conditions. When the robot is

outside the detection region, we héye= a tan2(—e,,—e,). The reference trajectory has

the property of no initial sharp turns &0’ with respect to the current orientation of the

robot. When the robot is inside the detection negwe have

t, = atan2(—e, — aav”' ,—€, — aav") [5.13]
: y -

The resultant control signal of obstacle avoidaemue reference trajectory might make
the robot in a singular configuration. One remedy this problem is that when

Assumption 1 is not satisfied, the reference ttapyds perturbed with small value as

0,=0,+c¢ [5.14]
Figure 30 shows two examples of infeasible trajgctbat violates the nonholonomic
constraints. In Figure 30 (a) a mobile robot is omanded to run in the horizontal
direction, but since its current velocity is in tertical direction, this motion is infeasible
for violating the nonholonomic constraints. The W& 30 (b) shows a nonholonomic

agent approaching an obstaclB; is the direction required by the reference trajaet
D, is the avoidance direction anD, is the resulting direction which is not admissible

a

since it violates the nonholonomic constraints.
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(a) (b)

Figure 30: Someinfeasibletrajectories

Figure 30 (c) illustrates the dead lock scenaricenehthe reference trajectory and

avoidance direction just opposite and the commandéstities are of the same.

Assumption 2. The reference trajectory remains constant inidedetection region,

e. ©, =y, =0 forr <d, < R. This assumption is based on the consideratiotihef

priority of collision avoidance and trajectory tkawy. When the robot detects an obstacle
in its path, the desired reference velocity woudddme zero immediately and freeze the
reference to the last data received. Once the rgétst out of the collision region, the

reference would update to new ones.

Assumption 3. Let 4, be an estimate of some measurement error of

) E'I:E7 - ET p
T y

We can defineD = /E + E; , and it is assumed th%ﬁd -0, <e,.

When the object to be avoided is static, the coteare to achieve reference trajectory

tracking is proposed in [44] as
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w=—Kye, + éd [5.16]

v = —K cose,D
This developed theorem can be extended to includiipie obstacles by defining
avoidance functions for each obstacle and appenitiewgn to the total Lyapunov-like
function. The total avoidance and detection regiams defined as the union of

avoidance and detection regions of all of the abeta

To demonstrate the effectiveness of the controlar,first run the simulation of a

mobile robot, and initial condition of the mobilgot is
T
z, = 0;y, = 0;0, = 3

The robot is required to track a circular trajegtor

r, =6+ 6cos(1t);
30

);

. T
y =6+ 6sm(%t
The tracking result is shown in Figure 31 with somial snapshots of the robot
motion. The controller can effectively compensaie initial error and enforce the robot
to the reference trajectory. It is worth notingtttl@ese snapshots are taken with the

same sampling time and it is easy to see thatniti@lidriving velocity is pretty high
and would jump from the initial position to the ded trajectory in high speed.
Sometimes this is impossible to be achieved inntlbbile robot hardware, and we can

set some actuator velocity limit in the simulationthe emulation of practical case.
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Figure 32: Snapshot of mobileraobot collision avoidance
In a second simulation, an obstacle is placed eapthsitior{5,10), and the detection

radius is 4 and the avoidance radius is 2. A sefisgapshot of the mobile robot motion
is shown inFigure 32 When the mobile robot falls into the detectiogioa, it would

prioritize the collision avoidance task and manesi\avay from the obstacle potential
field. After getting away from the obstacle, théb@b would resume the trajectory



tracking task.

5.3 Cooperative Collision Avoidance of WMR

Two of the most important features of the controtlescribed here is that first the
obstacle is not constrained to be static obstaeleit can perform collision avoidance in
a dynamic sense. So the obstacle can be gendralstdynamic or the others robots in
the neighbor. This feature is imperative in thecpcal scenarios for robot operation
safety. The second feature is that this contradigrerformed in a decentralized manner

and scales well with the number of robots.

16

oo AT 4

120 I’/ ——————————————————————————————
0 P -

Figure 33: Two mabilerobot perform collision avoidance
Figure 33 depicts a scenario that two robots agaired to track circular trajectories

respectively

0 ™
z,, =95+5cos(—t+m);y,, =5+ 5sin(—1t+ )+ 10;
1 (30 )3 Y (30 )

s s
x,, =15+ 5cos(—1); 5, = 9+ Hsin(—1) + 10;
2 (30 )i Yo (30 )
The screenshots show the trajectory tracking resantd the actual trajectory is also
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imposed on the graph to show a continuous resute\the distance of the two robots
is far enough and they can track the trajectoryegdy, but when they approach each
other and a collision repulsion force is generdigdhe controller to separate the two

robots.

5.4 Formation Control of WMR

With the developed kinematic controller, now we eomo resolve the formation
control problem. When a desired formation and arelésrajectory of the center of mass
of the formation are prescribed, the mobile robats required to converge to the
formation and to follow the desired trajectory vehiinaintaining the stability of the

formation.

Fobaot n

Figure 34: Notation for formation structure
As seen irFigure 34 when we specify the desired trajectory of thet@eaf mass, then
the desired motion of other robots can be deterhiwéh the geometric relation
correspondingly. Consequently, we can find out diesired motion for each mobile

agent. At this stage, we can continue using theipusly developed control algorithm
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to achieve formation control in a decentralized n&n

e
I L qﬂqﬂ

N444
ol -
N
sl
ol
S
&

Figure 35: Two robot formation control
In the simulation shown in Figure 35, we use tlaglér instead of the center of mass
as reference point. The objective is to first achia straight line formation, and then the
robots would keep this formation structure to ma&me straight line movement. Note
that the leader follower control problem is a spk@ase of the formation control

problem.
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6 Simulation Results
6.1 Cooperative Payload Transport Simulation

In the first stage, we would employ SimMechanicd &MULINK to rapidly create,
evaluate and refine parametric models of the oveyatem and test various algorithms
within a simulation environment. A simplified solidodel of the mobile platforms and
the manipulators of interest is created in Solidprand exported with the
corresponding geometric and material properties 8itnMechanics. Figure 36 shows

the dynamic model of one WMM module with payloadr(space limit, the other

module is not shown here).
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Figure 36: SimM echanics model of WM M and payload

Theoretically, from the energy consumption perdgpectzero internal forces are
desirable. This mechanism also implies that zetermal forces are possible to be
deployed in a payload transport scheme. But prbttjiowve still would expect to use

some nonzero internal forces to guarantee the pdyilo some controlled equilibrium
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mode. With this in mind, we can determine the d@ekiresultant forces and internal
forces, and these forces would be distributed thvidual agent. These distributed
forces would be the desired forces for individu&l-M/MM. Each NH-WMM could use

the sensed local information to achieve decentdlontrol. The controller structure is

shown in Figure 37.

—t—bxd’l tion/forcel 74 X
motion/force
Al g controller Robot 1 fo,
X, 5
F Payload F—forci crasp °
decomposition
—%d Force/Motion| F,, ma?rix .
Controller |—»
Fint.a M’ motion/force] '3 %
— > f —»| Robotn
—d.n_gf controller fS .

Figure 37: Overall ssimulation routine implementing decentralized control of
the cooperative payload transport system

The controller is implemented in SIMULINK and theayoad model and the
NH-WMM model is build with SimMechanics. The nonbobmic model in
SimMechanics is set up with the in-build velocitnstraint block as shown in Figure

38 (a) and the overall simulation architecturehigven in Figure 38 (b).
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Figure 38: SimM echanics model :(a) a nonholonomic whedl; (b)
the simulation architecturein SIMUL INK

I

All the parameters of the mobile manipulator arevamin Table 1.

Table 1. Mobile Manipulator Parameters

Parameters Values Units
Mass of the wheel 0.159 kg
Mass of mobile base 17.2% kg
Mass of Link 1 2.56 kg
Mass of Link 2 1.07 kg
Moment of inertia of the wheels about it§ 2.00x 1 Ka-n?
center of mass (CM) o* g-m
Moment of inertiaglfwmobile base about itp 0.297 kg-rﬁ
Moment of inertia of Link 1 about its CM 0.148 kd-
Moment of inertia of Link 2 aboutits CM|  0.0228 k-
Radii of the wheels 0.0508 m
Distance from the center of the wheel axleg toO 116 m
the CM of the mobile base '
Distance from CM'of the mobile base to the 0.100 m
point P, '
Length of Link 1 0.514 m
Length of Link 2 0.362 m
Payload length 0.4 m

6.1.1 Case Study I: Without Uncertainty

We test the null-space controller with dynamic pallowing along with the

end-effector impedance-mode controller. Figure B8®ws the results from testing
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Y (m)

performed with a primary controller implementingaak-space impedance-mode for the
end-effector and a secondary dynamic path-followtogtroller for the WMR base.

Here, the payload is 2kg and is commanded to tngcka sinusoid curve

T
with 7 = [0.5+ 0.1t 0.25sin(0.27t)| -

0.3 T T T 0.05
: : m— actual position in X-Y R : = position error in X
| | desired position in XY OF oo rarls PGt s e, oy [ """ " position error in' Y
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Figure 39: Payload motion profile. (a) Desired and actual trajectory of payload, (b)
trackingerror in X and Y.
To facilitate the motion planning, we specify aopridesigned end-effector trajectory
and mobile platform for the individual robot. If wete the length of the payloadias

the desired end-effector trajectory and motion liegectory for the first NH-WMM are

T

Tip = |0.5 +0.1¢ 0.25sin(0.27t) +é

T

Tt = [O.lt 0.3 +é

And the desired end-effector trajectory for theosetNH-WMM is:
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T

Tip = [0.5 +0.1t 0.25sin(0.2nt) _é

T

l
T = [0.1t 03~

Since we only care about the translational motidnthe payload, these two
end-effector trajectories are kinematically comsist It is necessary to note that since
the grasp description matrix incorporates the testlmoment term, the payload

rotational position can also be achieved in a sinmianner.

Figure 39 (a) is the tracking performance of th@lged in Cartesian space. Figure 39
(b) shows the tracking error in Cartesian spacd wnaspect to time. The payload is
enforced to track the desired trajectory with thetion controller and initial deviation
would decrease within 2 seconds. The controlleaable of correcting the initial error

and enforcing good tracking profiles.

Figure 40 shows the tracking performance of indigicagent. Figure 40 (a) shows the
end-effector and base tracking results for rob@rid the same performance for robot 2
is shown in Figure 40 (b). All the trajectories am@nverged to the desired position
within 4 seconds. But we also note that since titeedfector is asked to maintain some

desired forces, this would result in some minoritgmserror in the task space.
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Figure 40: The mobile platform tracking a line and end-effector tracking a sinusoid

curve. (a) base and end-effector tracking resultsfor robotl, (b) base and end-effector
tracking resultsfor robot2, (c) Internal force

Figure 40 (c) is the internal force profile of theasped payload. We can see that after
some initial oscillation, the internal force is wgted to the value around the desired

ones.

6.1.2 Case Study IIl: With Mass Uncertainty

In a practical robot working scenario, the paramsetd robotic system or working
environment are always varying. In this case stwdy, consider the payload mass
uncertainty (which is frequently encountered in mearld application) in order to study

the robustness and sensitivity of the controllesrioertainty.
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Figure 41. Payload motion profile with mass uncertainty. (a) Desired and actual trajectory
of payload, (b) tracking error in x and y.

In this case study, we underestimate the payloassn@a be 1.5kg (recall that the

actual payload is 2kg). Figure 41 (a) shows thekirey performance of the payload in

Cartesian space. Figure 41 (b) shows the timerjistoCartesian tracking error. While

reflecting the degeneration in performance, dugdor estimation of the mass, the

results remain nevertheless bounded.
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Figure 42. The mobile platform tracking a line and end-effector tracking a sinusoid
curve with mass uncertainty. (a) basetracking error for robotl, (b) end-effector
tracking error for robotl, (c) Internal force

Correspondingly, Figure 42 shows the tracking pemnce of individual agent with
mass uncertainty. Figure 42 (a) and Figure 42 (mwsthe end-effector and base
tracking results for robot 1 and 2. Figure 42 gjhe profile of the internal force in the

grasped payload, wherein larger oscillation caotserved.

6.2 Formation Control Simulation

6.2.1 Case Study I: Mobile Base Tracking and End-Effector Perform
Different Tracking

The simulation in this section would focus on thetion control of WMM, and the

formation control results would be presented paldidy.
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Figure43: (a) WMM performs collision avoidance with end-effector tracking
straight line and mobile basetracking straight line; (b) WMM performs collision
avoidance with end-effector tracking sinusoid and mobile base tracking straight

line

In the first simulation as shown in Figure 43 (e WMM is required to track a

straight line with the end-effector while the mebbase is required to track a straight

line simultaneously. The obstacle is located at bsition(0.5,2.35), the detection

region and avoidance radii are 1 and 0.5 respdgtwigich are represented in the figure
with filled color. The tracking results are shownthe same figure, and it is clear that
the WMM can maneuver to avoid the obstacle and whenoutside of the detection
region, it regains the tracking ability. Similares@ario is also shown in Figure 43 (b),
where the end-effector is required to track a situdine. Collision avoidance is
performed pretty well, but with this kinematic caniter, the base tracking results is

scarified to maintain a good end-effector tracking.

6.2.2 Case Study Il: WMMs Formation Control

The formation control technique can also be extdidé&VMM formation control. The
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motivation is that for each WMM module, the endeetbr and mobile base four

variables are to be controlled, but in practica thobile bases would have collision

with each other. In the simulation, the two WMMe aequired to track a straight line

(mobile base and end-effector) from different aditondition.
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Figure 44: (a) WMMsformation result; (b) control torque of WMM 1, (c) control

torque of WMM 2
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7 Force Control Experiment

7.1 ATI Force Sensor Overview

The Network Force/Torque (Net F/T) sensor system gx-axis force and torque
sensor that simultaneously measures three-axis§@ed three-axis torques. The Net F/T
system provides DeviceN&t EtherNet/IP™, a basic CAN, and Ethernet communication
interfaces. The transducer is a compact, ruggedpliitbic structure that converts force
and torque into analog strain gauge signals for Rhe Controller. It comes fully
calibrated for Sl units of Newtons and Newton-metdihe Net F/T System supports the

following features [47].

7.1.1 Multiple Calibrations

The Net F/T sensor can hold up to 16 differentbzations, each with a different
sensing range. The different calibrations are eckatith different load scenarios during
the calibration process at the factory and stomuinpnently in nonvolatile memory on
the Net F/T sensor. Multiple calibrations permituse a larger calibration for coarse
adjustments and smaller calibrations for fine adjents, or to use the same sensor in
two or more very different loading regimes. Theilwmaltion information is accessible as

read-only information on the integrated web server.

7.1.2 Multiple Configurations

The Net F/T sensor allows up to 16 different userfigurations. Each configuration
is linked to a particular calibration, and hasatgn tool transformation. Configurations

are set up on the user configurations page ofrtegiiated web server.
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7.1.3 Force and Torque Values

The Net F/T sensor outputs engineering units, oufts”, for each force and torque
axis. The number of counts-per-unit force and teriguspecified by the calibration. If the
user wants to use different force and torque unis, the sensor is originally calibrated
to use pounds and pound-inches, but the user wbké to use Newtons and
Newton-meters), the user can change the outpus onitthe user configuration page on

the integrated web server and see what the co@ntamt are for the desired units.

7.1.4 Tool Transformations

The Net F/T sensor is capable of measuring theefoand torques acting at a point
other than the origin of the sensor by changingftame of reference. This change of
reference is called a “tool transformation”. Thewusan specify tool transformations for

each configuration of the sensor on the configaratipage of the integrated web server.

7.1.5 Power Supply

The Net F/T system accepts power through PoE (RowarEthernet) or from a

DC power source with an output voltage between 44y 24V.

7.2 ATI Force Sensor System Architecture

7.2.1 Force/Torque Transducer Working Mechanism

The complete ATI F/T sensors system includes twispthe force/torque transducer

and transducer control box.

The most basic concept of the force sensor is basddewton’s third law and the
transducer reacts to applied forces and torqueterins of Hooke’s law, the transducer

can be considered as a linear spring which trams&fdhe force signal into mechanical

81



deformation.

Figure45: ATI F/T sensor
To decrease the hysteresis and increases the tbtramg repeatability of the

structure, the transducer is monolithic structdree beams are machined from a solid
piece of metal. Semiconductor strain gauges aaeladt to the beams and are considered

strain-sensitive resistors.

7.2.2 System Connection

The two are connected with a Controller Area NeltWf AN) bus connector for
high speed data transmission. All power and daliradion is handled by the control
box. Also, the control box supports an integratezb server which displays output
units and calibration factors about the sensor. frhasducer is a compact, rugged,
monolithic structure that converts force and toriute analog strain gauge signals for
the F/T Controller. The main components of the N@t system are displayed in Figure

45.
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Net Box

Ethernet

4-pin M12 D-coded NET FIT Sensor

With integrated Analog to
Digital conversion

Sensor Cy

——

DeviceNet
S-pin M12
Monitor Relay
3-pin Pico

Figure 46: Net F/T System Components

The Net Analog Board converts the strain gage $sgn#o digital data. It also stores

the calibration data. The F/T sensor is commongduss a wrist sensor mounted between

a robot and a robot end-effector. Figure 46 showasc block diagram of the Net F/T

System.
Net Box Digital Serial Interface Net FIT Sensor
and Power
M;;::r DeviceNet || Ethemnet Up to 30m cable
OQutput Connector Connector
0 Net Analog Board
E E 3 - = E ! (STG Bridge Supply, Programmable Amplifiers, Filters,
L] = g i = ﬁ AD Converter, Serial Interface. Calibration Memory)
_§ a § -E; ug':-'“ ° | Connector |
]
zd S et 5 &2 Instrumentation Board
3 g 3 g 2 {glued to beam structure, includes temperature
o = g frr} (=] compensation )
= &%= e &
= Transducer
Net Digital Board Strain Gages mounted on Beam
Structure

Figure47: Net F/T System Block Diagram

The box has two main data interfaces: a Power Bteernet (PoE) port running a

UDP protocol and a DeviceNet high speed CAN intefa Our procedure will outline

the setup and testing of a UDP based real timecdeinterface using MATLAB

SIMULINK.

The physical connection procedure is as followgmnnect the PoE switch to its

external AC power supply; connect the AC power $upp the AC mains; the “PWR”
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LED should turn on and glow green; connect the Bwkch to the Ethernet network and

connect the Net Box via RJ45 cable to one of the parts as shown in .

< Company network >

Optional connection to
company nefwork

Figure 48: For ce sensor network connection

7.2.3 Hardware Setup

The entire data logging system is composed of fioain parts: a host development
computer, a PC104 embedded computer, a power dkerrtet (PoE) switch and the ATI
F/T sensor system. To develop and compile the M¥8lcode a host computer with
RealTime Workshop is needed. Compiled code isebtiirough the PoE switch and
downloaded to the target computer via an Ethernahection. The xPC PC104 target
remotely also uses the PoE switch to interface thi¢hF/T sensor. Commands are sent to
the control box while force and torque data is $maitted back to the target computer.
The control box is powered entirely over the Polnsxtion. A hardware block

diagram is illustrated ifigure 49
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Figure 49: System setup with PC104

7.3 MATLAB Interface Setup

The Net F/T Sensor can output data at up to 7006udz Ethernet using UDP. This
method of fast data collection is called Raw Datan$fer (RDT). Our MATLAB code
controls the interface between the xPC Tdfjetystem and the ATI transducer control
box. The specific communication protocol and mgssstructure used to control and

receive data from the ATl command box will be dssrd in this section.

7.3.1 Communication Protocol

The F/T sensor provides several modes of RDT owpdttwo commands to bias

and unbias the sensor as showmabie 2

Table2: Net F/T Modes

Mode Description Speed Situation Best Suited To

1 Non real-time output Slow (limit to ~333Hz|) Non-réale situations

2 High speed real-time output Fast (up to 8000Hz) Real+smonse application

3 High-speed buffered output Fast (up to 8000Hz), b@ollecting data at high speed,
comes in bursts but not responding in real-time

(buffered)
4 Multi-unit synchronization| Slow (depending on the Multi-unit synchronization
(Not yet implemented) number of sensors
involved)

As previously stated the ATI command box needs iguencommand structure to
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setup the sensor interface. To start the Net Bfpudting RDT messages, it is necessary
to first send an RDT request. The Net F/T listeamsRDT requests on UDP port 49152. It
also sends the RDT output messages from this pbe.message has three parts with a
total length of 8 bytes (64 bits). All sensor coamds must follow the following

structure to be properly understood.

Headen; + Mode,; + SampleCount,, [7.1]

where the subscripts denote number of bits.

The header is a unique binary sequence identifyiagnessage beginning. It must
have a value of 0x1234 in hexadecimal (or 4660dairdal). The next two bytes (16
bits) specify the feedback mode. The sensors cofae®ry ready with several

feedback modes varying from one shot operationgb $peed real time data streaming.

The final 4 bytes (32 bits) represent the total hanof data samples to be sent
back to the target computer in response to thisncand message. Using a zero value in
this field is translated as infinity. After issgina “non-halt” command with
SampleCount equal to zero, samples will continually be senthat desired interval.
To stop this looping process a “halt” command (M&jleshould be issued to the control

box.

Data samples being sent out of the control boa &#ow a predefined data
structure. Received data packets are 36 bytes (@88 bits) with the following

structure.
RDT,, + FT,, + Status,, + F,, Fy,, Fzyy + T2, Ty, T2, [7.2]

TheRDTis a number representing the current record ind&his number should
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span 1 toSampleCount and is useful for detecting if data is ever lostransit. The

FT represents the internal count of the total numddesamples transmitted since the
box was powered up. This number is unaffectedniey“halt” command and will only
reset when power is lost to the unit. TH&atus word is a sequence of bit

corresponding to the health and overall state ef génsor. Finally, theFz.,Fy.,Fz,,
and Tz,,Ty.,Tz,, words all represent the orthogonal forces anduesdeing applied to
the transducer. Fz, Fyand Fz are the Cartesian forces @d, Tyand Tz are the

Cartesian torques. All values are representedounts per desired unit of force
(engineering units). The output units can be fowmd the integrated web server

maintained by the control box.

7.3.2 UDP Interface

The ATI control box uses a User Datagram Protdd@R) to transmit messages
to and from the target computer. UDP unlike TCHARdeally suited for real time
communication because of its lacks the redundandyearor checking of TCP/IP. This
compromise provides potentially faster maximum daii@s but makes packets more

prone to errors.

To properly communicate, the following settings mibe used for the target

computer and control box.

7.3.3 MATLAB Program Implementation

To program the target computer, a MATLAB SIMULINKamework was used.
SIMULINK was used to create the message constnuctdl®P interface and data logging.

The RealTime Workshop Toolbox was created the xB@patible C code for the xPC

87



real-time kernel. The newly created code was doaaed to the target computer from
the host machine via a TCP/IP Ethernet interfacéne constructed code can be broken

up into two sections; message transmission andloigdggng.

The message transmission section creates the caismaessages required to
control the sensor. These messages tell the d¢ootro to transmit records in the
real-time mode at once every time instant of tled-tiene target. The byte message in

hexadecimal format is included bellow.
12 34,,00 02,,00 00 00 01,, [7.3]

Equation[7.3] represents the message transmission portion d¥IfRELAB code.
The byte order is between the target computer mms$ducer control box computer. To
maintain byte-wise consistency the byte order cheaessage word had to be reversed.
Conveniently, MATLAB provides a byte reversal commdabox which handles this
process. The next block takes the byte messagesamnbines them into a single UDP
byte stream or packet for proper transmission. fiied block transmits the packet to
the transducer control box over the UDP link. Thisck should contain all of the UDP

information specified irmable 3

Table 3: UDP Port Settings

Parameter Value Description
Sensor IP 192.168.1.250 Hard coded IP port of theosens This value can
be changed from the integrated web server.
Sensor IP Port 49152 Hard coded IP port used for regedldta at the
transducer box.
Computer IP Port 22111 A user selectable IP port usegdeiving data on
the target computer side.
Output port width 36 The total number of bytes transmitted to the target
(number of bytes) computer incoming record.

Figure 50 is the block diagram representing tha dtgging code. The first block

contains the same information outlinedTi#ble 3 The MATLAB unpack block takes

88



the UDP packet and breaks it up into the predefideth structure. Once the data is
properly parsed, it must be byte reversed so MATLA&n properly interpret the

information.

Header Byte Reversal

reversal

"Mode" Byte Reversal

Header

uint1BE2]

hode

Send

"Sample Count" Byte Reversal

Sample Count

Fack

Figure50: F/T system SIMULINK command blocks

Finally, the force and torque data is divided bgréhcorresponding counts per unit
value. For force, 80 counts represent one caédranit of force. 160 counts represent
one calibrated unit of torque. Again it is impottém stress that all units are specified on
the ATI integrated web server. The resulting foraed torques can now but logged on a

host computer or plotting using a MATLAB scope.
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Figure51: F/T system data reception and display blocks.

7.4 End-effector Design

Since the force transducer contains considerabtes naand it is imperative to design
a delicate end-effector to fix it to the main baxfythe mobile manipulator. The designed

manipulator arm with mounted force sensor is shomwFigure 52.
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Figure 52: View of manipulator arm with for ce sensor
For a detailed mechanical desigrigure 53shows an exploded view of the force

sensor system with notations. It is important teuga sufficient clearances between the
mounted transducer and other fixtures and thal staak height is acceptable. Also make

sure that the user could have access to the mgusitnews for attaching the transducer.

The mounting adapter plate is machined for attagtonthe robot. All user-supplied
screws must be flush with the inside of the mounadapter to ensure proper clearance

for the electronics inside the transducer.
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Transducer

Mounting Adapter
Delrin Tip

Bolt

Figure53: Exploded view of force sensor with notation
The other side of the transducer also providesasstets to mount an end-effector

for manipulation task. In our design, we machinedaunting plate with delrin tip which
would provide compliant contact with the environmemenhance contact stability. The

overall WMM with mounted force sensor is shown igufe 54
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Figure54: WMM with mounted for ce sensor

7.5 Force Control Simulation

The force control scenario is shown Higure 56 where a two link manipulator is
regulated to get in contact with a vertical watl.the simulation test, we would adopt a
hybrid impedance control technique and verify itthe two link manipulator arm. The

task space impedance controller has the followamomf
u =i, +kvé+kp§+kf(Ed _EE) [7.4]

To increase the stability, we add some damping terthe task space and get the

new controller with the form

U =1, +kvé+kp§+kf(ﬁd _EE)_kvi; [7.5]
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Figure 55: Two link manipulator in contact with vertical wall
The overall control scheme is implemented in MATLABIMULINK using

RealTime xPC Targ&f as shown in Figure 56.
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Figure 56: Diagram of xPC Target
The simulation result for the contact force profdeshown in Figure 57.
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Figure 57: Force profileunder HIC regulation

7.6 Force Sensor and Motor Calibration

force with weights

(uowmaN) 82104

0.2

0.16 0.18

0.12 0.14

0.1

0.08
Data sequence (second)

0.02 0.04 0.06

“o

Figure58: Forcereading with 0-5 weights

By varying the number of weights from 0O to 5, wsttihe static reading of the force

sensor in the —Z direction, as shown in Figure \B&h this static calibration, we can

calibrate the force sensor and find out the sofvealibration setting.
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xPC Motor Servo orque

Signal | Controller —> Amplifier »| Motor

Figure 59: Schematic of motor control implementation
With this preparation, we can have a look at theotdhardware implementation.

Since the computed torque would be transformed bittealues which are used are the
direct control signal for the motor controlleridtimperative to find out the mapping from
the computed torque to the real bit-torque value. ddhsider all the system in the dash

line box as a black box and we can test the odtpaé with different bit value.

{F} X

(@) (b)

Figure 60 : Robot configuration of motor calibration
Our test is performed in the WMM system with th@ timk part as the test platform.
With the different configuration of the robot arm shown in Figure 60, we can find out

the bit-torque mapping for motor 1 and motor 2. thébrated results are illustrated in

Figure 61 (a) and (b).
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Figure 61: (a) Calibration of motor 1; (b)Calibration of motor 2
With the calibrated sensor and motor torque, wéop®a the control routine in the

hardware system and the force control profile iswshin Figure 62. We can see that

there is some force burst in the beginning andetli®isome noisy signal in the control

process. One important problem is the steady stabe.

(uowaN) 82104

10

Data sequence (second)

Figure 62: Experiment force data
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8 Conclusion and Future Work

8.1 Summary

In Chapter 1, we reviewed some related works onil@abanipulator collectives,
from the multiple agent robots, multiple finger daand multiple legged robots. We

analyzed the related issues in the cooperativea@mystems.

Chapter 2 discussed a variety of preliminary knolgkeon modeling and control of
constrained mechanical systems. Some detailed baokg theory includes operational

space dynamics and control, constrained Lagrangardigs.

Chapter 3 is about the force control review, anchhse the focus of this thesis is on
force control of manipulators, we will introduce darcategorize some popular force
control schemes developed since three decadesiagéeiwill also highlight the benefits
and limitations of some approaches and show sonperieal and visionary perspective

basing on the existing experiment results and safaéed literature.

Chapter 4 focuses on the modeling and control of MéMWe begin by investigating
the kinematic and dynamic model of WMR, and thea #imilar analysis would be
performed in the WMM system with a focus on taskcgpconsistent dynamic control
method. As a main body of this thesis, the multgrigsp modeling would be investigated
therein and the decentralized control of WMM cdilees would be presented in this

chapter.

Chapter 5 investigates the formation control of@ug of WMMs. The mobile robot
formation problem is investigated first for a bastady, and this problem is split into

trajectory tracking and static obstacle avoidarfoemation control and cooperative
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obstacle avoidance. All of these results are géimetato mobile manipulator cases.

Chapter 6 presents simulation results for varioueresting cases studies using the
dynamic equation formulated in Chapter 3. In paftc the first two case studies were
performed for the dynamic payload transport scendrhe subsequent two cases were

targeted at mobile manipulator collective formatoamtrol.

Chapter 7 introduces the experimental setup andication procedure. A force

sensor calibration and manipulator torque calibrathethod is proposed therein.

8.2 Future Work

Force Control Algorithm
One of the difficult issues met in the experimenthat the system is quite sensitive

to control parameters. One remedy is to perforncai system identification, but it is
necessary to note that some dynamic effects like@Gbulomb friction is difficult or
impossible to be identified, and even these modets perfected obtained, a stable

controller is still an important problem to be sedv

Force Signal Processing
In our implementation, the sensed signal is filletlerough a first order low pass

filter, but in fact, the sensed data also contdires sensors acceleration, environment
disturbance and some noise. Some researchers bgue o study these problems and
have proposed some algorithms. The applicatiorhede algorithms into WMM s still

rare.

Force Control Implementation on WMM
Since the system modeling problem, our system iisteb sensitive to control

parameter, so the force control implementation dviMvstill needs further investigation.
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Appendix
Mechanical Design
This section includes the mechanical drawings fothe parts needed to construct

the physical prototype. The solid models and drg&/iwere created using Solid Works

Educational Edition 2006.
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