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Abstract 

In this thesis. we tackle the problem of robust simultaneous position and force con­

trol of cooperative robotic ( CR) structures in the presence of un-umnodel hwwn 

time-vary-ing ~tr-fJ,cfored and unstnicttLTP.d uncertainties. Ml)St non-adaptive control 

schemes for the rnordinatecl control of multiple manipulator systems. usually as­

sume a full knowledge of the system ·s dynamic:s. This is an unrealistic assumption 

in many cases since these complex systems are usually subject to the ubiquitous 

presence of uncertainties. If not dealt with appropriately. these unc:ertainties may 

have a dramatic effect on the controller·s performance and may even induce in­

stability. Although recent research work ca1Tied out in the arra of <:onventicnal 

adaptive control has led to a significant improvement in the tracking performance 

of. both. the payload·s desired position/orientation and the internal force desired 

values. in the face of parametric uncertainties. the majority of it has ignored the 

effect of unstructured uncertainties on the controller ·s performance ancl its stability. 

M0<lcling imperfection of complex systems. sud1 as closed-chain robotic manipula­

tors. is inevitable. This makes the development of a robust control approach for 

the increasingly complex cooperative manipulator systems a necessary step to keep 

up with the increasingly demanding design requirements of such systems. 

In this thesis. we develop novel approaches based on soft computing tools to 
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tackle this complex. yet important control problem. A special type of adaptive 

fuzzy controllers is first designed to learn the system's overall dynamics without a 

prior knowledge of it. The controller is then improved even further to provide for a 

more efficient behavior particularly with respect to computational complexity. Both 

soft computing based controllers are shown to have excellent tracking abilities of 

the payload,s desired position/orientation while meeting the internal force desire,l 

values. The controllers are also shown to be highly robust in the face of a substantial 

amount of parametric and modeling uncertainties with varying intensity levels. It 

is also formally proven that. under a few reasonable assumptions. the position and 

the internal force tracking errors always converge to zero. The results obtained in 

tlus work have been very encouraging and would certainly open new opportunities 

for tackling robot control of complex structures in general. This being said. we 

believe some more improvements could be done to make the approaches even more 

powerful and readily impbnentable in real world environments. 
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Chapter 1 

Introduction 

1.1 Thesis Motivations 

1.1.1 Historical Background 

Industrial Robots have had major contributions to the tremendous industrial and 

economical devdupmt•nts that have bet•n wit.ncssecl in the last two decades. From a 

manufacturing pt>rspective. they have been playing a leading role in increasing the 

productivity. rt·d1u'.ing the production costs. and improving the products· quality. 

Besides manufact. uring. robotic systems have been widely used in a drastically in­

creasing numbt•r uf applications. In fact. one of the major driving forces behind the 

,lcvelopml'ut nf robotic systems. is their potential for replacing humans in hazardous 

working environments. such as the cleanup of toxic waste. nuclear power plant de­

commissioning. mining. space exploration. search and rescue missions. security. and 

surveillanct~. Tht'y a.re also used to replan~ humans in performing repetitive type of 
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CHAPTER 1. INTRODUCTION 2 

tasks. such as automated manufacturing. industrial maintenance. spray painting. 

and spot and arc wdding [-1.43.48. 90]. 

1.1.2 Why Cooperative Robots? 

Although the use of a sinp;lc robot system is dficicntly feasible in many of the 

existing industrial applications. the need for mult.i-r.ooperating robots1 is becoming 

increasingly crucial and even necessary at times. particularly in modern industrial 

frameworks. This is due to several reasons: 

• cooperative robots arc capable of performiup; tasks that are either difficult 

or impossible to be acmmplished by a single-arm robot. Such tasks can be 

manipulating heavy. large. and/cJr flexible objeds. just to name a few. In 

such cases. grasping the object woulcl make its manipulation more secure. 

• the complexity of the working environment. or mission. may require more 

than ont.' robot of complcmtmtary capabilities that may be too expensive to 

design in a single robot.. 

• a considerable amount of time may Le saved by opt!rating multiple robots to 

work simultaneously on clifferent aspects of the task in order to sm:cessfully 

accomplish the objective. 

1 As far as we are concerned in this the.is. the term multi. or cooperative. robot systems. refers 
to cooperative robot manipulators acting on a single object to achieve a common prespecified 
target goal. We also refer to such systems as multiple and coordinated manipulator systems. in 
some parts of the thetis. 
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• multiple cooperating robots may also increase the productivity in a manufac­

turing environment. This explains the intensive use of multi-robotic systems 

in assembly operations. for instance. 

• designing cooperative robots may. in some cases. be easwr or cheaper to 

perform some tasks than it would be if a single robot were usc<l. 

Given this. the use of cooperative robotics is becoming increasingly essential to 

improve the versatility and potential applications of robotics. 

1.1.3 Cooperative Robotics in Industry 

Although cooperative robots are still not as intensively ust!tl as singlt! robots. they 

are gradually talcing their place in the industry thanks to their high potentials. 

In a number of industrial applications. a large glass sheet or a larg•~ heavy planar 

object. has to be smoothly transferred from an initial position to a final position. 

Obviously. a single robot arm cannot succet!d in s11ch a mission as the glass sheet 

may break if handled from unc single cwl. Similarly. and in the case of a large 

ht'avy object. it might be just too heavy for a one single arm to accomplish the 

task. A very convenient way to transfer the object is to use two. or even more. 

cooperative robotic arms [121]. as shown in Figure l.l(a). 

One of the most successful applications of coordinated manipulator systems is 

one that was realized by a .Japanese firm in mid 1990s. The firm developed a 

dual robot arm to remotely maintain ( and construct. at a later phase) high voltage 

power cables as illustrated in figure l.l(b). The system consists of a twin-armed 

power manipulator that is mounted on a lift truck and is remotely <'.ontrolled by a 



CHAPTER l. INTRODUCTION 

I 

1l 
(a) 

I 1 

I I 
I ; -

&·' 
; i 

i I 

i i -

4 
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Figure 1.1: (a) Two Cooperative Robot Arms Handling a Flat Object. (b) Two 
Cl)operative Robot Arms Repairing a Power Cable. 

technician from either a cabin at the back of the truck. or from a bucket to which 

the two arms are connected. In some cases. the system is even equipped with a 

third arm capable of lifting and installing heavy objects. This technique provides 

• labor saving: three line men arc recluce<l to one. hence reducing the working 

time. This is convenient for the customers as it leads to a less expensive 

service: 

• improvement of the working environment: the number of accidents caused by 

the electric shocks is reduced. proving a safer working environment for the 

workers: 

• simplification of operations: workers do not need to have special skills as most 

of the operations are <lone remotely with the assistance of a computer. So the 
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work that cannot he done manually can be performed safely and accurately: 

• antomation of frequent tasks: tasks that a.re repeated frequently are pro­

grammed to be automatically performed by the computer, taking the burden 

of constantly repeating them off the tedmician. 

The system design is so Hcxible that it can be customized to he applicable to 

tdecommunication. tr,uisportation. fire fighting, construction. and many other non­

organized working environments. 

Cooperative robotic systems have also been 11sed in aerospace applications. 

Dominating the domain of aerospace technology has been the driving force for the 

ewr increasing interest in rnoperative robots in the aerospace domain. A highly ad­

vanced ,lcxtrons extra vehicular space tclerobot with four cooperative manipulators. 

called the Ranger Telerobotic Flight Experiment. is designed as the first telerobot 

of its kind in the world [90]. Using its ability to freely Hy in space. the Ranger 

spacecraft performs on-orbit serving tasks that were previously accomplished by 

tethered astronaut.s only. A schematic figure of the Ranger spacecraft telerobot is 

shown in figure 1.2. 

In addition to the Ranger spacecraft. the Canadian space agency has been study­

ing the possibility of extending Canadarm to a dextrous multiple manipulator sys­

tem to better serve the international space station Alpha. Such an extension would 

provide Canadarm with a higher flexibility and maneuvering ability. and a wider 

range of applications it can perform in space. Moreover. it would enable it to exe­

cute several tasks in a shorter time than what it woul<l traditionally take. Th.is is 

Vt•ry important especially in space missions in which time is a crucial factor. 
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Satalllte 

Figure 1.2: Dextrous Extra Vehicular Space Telerobot. 

1.2 Main Issues 

When multiple manipulators grasp a common object. they form a closed kinematic 

chain mechanism. This implicitly imposes a set of kinematic and dynamic con­

straints on the position and velocity of the manipulators as they have to remain in 

contact with the object while in motion. As a result. the decrease in the degrees 

nf freedom of the whole system leads to the generation of internal forces. Such 

forces. which have to be controlled appropriately. stem from the direct interaction 

between the end-effectors and the object. Hence. controlling multiple manipulators 

interacting with an object. or a given environment. is usually a much more com­

plex problem than that of a single robot control. The motion of the manipulators 
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has to be kincmatically and dynamically coordinated. The kinematic coordina­

tion means that all the end-effectors involved have to move synchronously to track 

a certain prespccified desired position and orientation of the manipulated object 

without losing contact with it. In this case. the dynamic coordination means that 

the end-effectors have to move in a certain manner as to control the internal forces 

induced in the system. 

The simultaneous position and force control has been usually accomplished by 

either one of two well known control techniques: impedance control (45.55] or hybrid 

position/force control [ 1-l. 92. 94.141}. Impedance control usually aims at satisfying 

a certain desirc(l relationship between the position error and the force acting at the 

end-effector at which a mechanical impedance is sought to be achieved. The main 

clrawback of impcclancc control is the assumption that the dynamics of the contact 

environment can be accurately expressed by a linear equation. In most cases. such 

a linear formulation is not only very difficult to attain but also requires a full 

knowledge of the contact environment's dynamics. which is usually not available. 

The (traditional) hybri,l position/force control is based on the idea of splitting the 

task space into two orthogonal subspaces. One for the clirection(s) in which only 

position control is considered. and one for the other d.irection(s) in which only force 

is controlled. The orthogonality between the two subspaces has been assumed to 

exist in the vast majority of the works. However. in a number of applications this 

might not be the case and hence such a technique cannot be adopted [20.124). 

In real life applications. it is very difficult to design reliable multi-robot control 
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systems using the convcntional2 modeling and control tools. This is clue to several 

factors. including hi~hly dynamic complexities and the often ill-defined workspace 

cnvironnwnts of such systems. Although coordinating principles for multiple sys­

tems have been developed since the early 1980"s. most of the work has only a<l­

drcssc,l the cunccptua.l interpretation and only a few dealt with real-world applica­

tions. In particular. the bulk of the research has focused on the control of mobile 

robots and weakly coupled cooperative manipulators. On the other hand. relatively 

less work has been done in the area of the control of strongly coupled manipulators 

where two or more robot arms cooperate to move a certain object along a pre­

defined path. When nsin~ cooperative robots of different complex configurations. 

the (lynamics of the robots become completely different and result in major issues 

in terms of rnntrol and motion coordination for real-time applications as (lifferent 

conventional mntroUers have to be built for robots of different configurations. The 

coonlination uf the robots ( or robot arms) in a multi-robot system is extremely 

difficult due to several reasons: 

• The lack of prrct ... e system models. 

• The lack of prcci.-.e clynamic parameters. 

• The necessity to .-.-imnltaneously control the payload ·s position as well as the 

internal forces. and 

• The lack of the tools for an efficient system design. analysis. ancl computation 

2Throughout this thesis. the terms conventional tools or standard tools refer to those tools 
that are purely based uu precise mathematical models not involving any kind of soft computing 
appruad1t~. We also rr.fcr to ,mch tools as standard tools in some parts of the thesis. 
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of an optimal solution in real time. 

Soft computing techniques based on tools of fuzzy logic. connectionist model­

ing. and genetic algorithms. have become among the state of the art techniques 

in the domain of artificial intelligence and expert systems design. They have at­

tracted much interest in the last few years due to their high potential in dealing 

with large structured and parametric uncertainties of a given system. Appropri­

ate combinations of these tools can make them very powerful to tackle ill-defined 

systems: i.e .. systems whose dynamics or working environments are fully/partially 

unknown or poorly understornl. lu fact. several combinations of these techniques 

have been successfully integrated in a wide range of applications: single-robot sys­

tems (65.117]. mining excavation [101.102]. nuclear plants control [96]. and medical 

analyses [109]. just to name a few. Integrating soft computing tools with conven­

tional control methods. gave birth to an ever growing research area that has become 

known in the research community as intelligent control [3]. 

1.3 Thesis Contributions 

The focus of this work is on intelligent control of cooperative robotic systems. The 

main thrust is to propose an efficient and advanced control system that would enable 

the tracking of a predefined desired position and orientation of the payload~ while 

controlling the internal forces of the closed-chain system and make them converge 

to their pretlcfincd desirccl values. The controller proposed has to satisfy several 

key requirements: 
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• compensating for parametric uncertainties: as some of the system parameters 

might he unknown or slowly varying in time. the controller has to be able to 

track the payload's desirc1l position/orientation trajectory in the face of such 

type of uncertainties. 

• compensating for mo<lding uncertainties: m almost every complex control 

systt'.m. there cx.ist modeling errors. The more complex is the system. the 

larger is the impact of nwdeliug uncertainties on the controller's performance. 

H1•nce. it is very important to consider this issue at the clesign stage to make 

the controller robust in the face of such types of uncertainties. 

• rnntrolling th1• int1•rnal fot<'.PS: the controller has to simultaneously track 

tht• clcsire<l traj<~dnry of th1• manipulated objt.:-c·t as well as track the prede­

tinccl desired internal forc!'s ).';cncrated between the manipulator end-effectors 

and the payload. an1l not just assure their boundedness as in some research 

works [6. 125. 135]. In our rnse. this is a challenging constraint as we are 

mainly interested in thr c·asf' where the payload. the encl-effectors. and the 

internal forces. have the same lines of action. Thus. the widely used conven­

tional hybrid position-force control technique cannot be applied in this case 

as it requires orthogonal position and force subspaces. 

• portability: the controller has to be generic enough to be efficiently useful. 

In other words. unlike conventional control techniques. the proposed control 

strategy has to be inclepeudent of a specific robot dynamics so that it can 

control a wide variety of cooperative manipulator systems with as little cus-



CHAPTER 1. INTRODUCTION 11 

tomization as possible. 

• speed of execution: the controller has to be computationally efficient to keep 

up with the Landwitlth of the dosed loop control system. 

Inspite of the rapidly growing applications of soft computing techniques. not 

mnd1 work has been done in applying them to cooperative robotic systems. Among 

the main goals of the current work is to come up with viable alternatives based on 

soft computing tools. which arc more powerful and more efficient than their con­

ventional counterparts in taekling the control problem of cooperative manipulator 

systems. To accomplish this. two soft computing based adaptive controllers are 

proposed. in this thesis. They arc implemented for a multi-arm cooperative robotic 

system manipulating a common object. The main contributions of this work are 

summarized as follows: 

• The design and the implementation of two novel t:ontrol schemes using a 

dcccntralizccl approad1 anil state of the art soft c:omputing based controllers 

that satisfy collectively the enumerated constraints. 

• The derivation of an innovative rule-reduction technique that drastically re­

cluces the number of fuzzy rules used by an aclaptivc fuzzy controller to control 

coordinated multiple robots. The proposed rule-reduction algorithm makes 

the practical use of the proposed adaptive fuzzy controller very possible since 

it takes off a major part of the computational burden load from such types 

of controllers. This is very important as it allows the proposed controllers to 

operate in real time particularly when using the recently developed microcon-
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trollers. 

• The design and the implementation of a hierarchical structure that enables 

knowlcdgc-hase<l controllers to operate in parallel with a conventional adap­

tive controller while reducing the computational complexity of the overall 

control system. Hierarchical control strategies involving intelligent controllers 

have been proposed for single arm robotic systems [15}. but to the best of our 

knowledge. no such strategy has been designed for multiple robot systems 

similar to the one we are proposing in this work. 

• The «lcrivation of formal proofs validating the stability of the proposed con­

trollers. This in turn p<~rmits for the payloacl"s position and the internal forces 

<'rrors to converge to zero even in the presence of parametric and modeling 

uncertainties including external disturbances. 

1.4 Thesis Outline 

The thesis is compose<l of eight chapters. The introductory chapter has presented a 

summary of the motivations a11<l the contributions of this work. It has also provided 

a brief overview of some of the main issues related to the field of multi-robot control. 

Chapter 2 presents a general overview on the different modules involved in 

(·oopcrative robotic systems. The t·hapter also provi•les some of the conceptual and 

frchnical difficulties that are associated with each one of them. A literature review 

uf the ,lifferent techniques proposed to tackle the different problems associated to 

each module ancl their practical limitations arc also covered in this chapter. The 
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chapter provides the reader with au idea on the level of difficulty for designing 

cooperative manipulator systems. Although several modules are described in the 

chapter. it is important to bring the reader ·s attention to the fact that only the 

motion coordination control and the disturbance rejection modules are addressed 

in details within the scope of this thesis. 

Chapter 3 defines the problem of multiple manipulators control in a more formal 

way. It also provides a comparison study between centralized and decentralized 

control strategies. which justifies why a decentralized control approach is adopted 

to solve the control problem in hand. As such. a decentralized dynamic model 

is <lcriw(l for an arbitrary nnmbcr of cooperative manipulators. Based on this 

modd. the kinematic ancl ,lynamic ,:onfigurations of the manipulators used for the 

simulations throughout this thesis. are described. 

Two main dasses of conventional control algorithms that have been used in the 

literatnn~ of the control of rnopt~rative robots are discussc<l in Chapter 4. The two 

classes covcrc<l in this chapter are of non-a,laptive and of adaptive nature. Their 

advantages and practical limitations when applied to multi-robot systems are also 

highlighted. A practical evaluation of the tracking performance of these two control 

stratt>gies is carried out through computer simulations using the robot configuration 

prcscntc,l in Chapter 3. 

Chapter 5 provides the background material on fuzzy logic based controllers and 

their aclaptive counterparts. It also provides the reader with a general overview on 

the different classes of adaptive fuzzy controllers. The main type used in this work 

is the first-type clirect adaptive fuzzy controllers. A general design strategy of such 
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a controller is also provided. The chapter also highlights the advantages of adaptive 

fuzzy controllers over conventional adaptive controllers and neural controllers. 

The main rnntributions of this research work are presented in Chapters 6 and 7. 

In Chapter 6. we present our first soft computing based controller that satisfies the 

control objectives <>mmwratecl in Section 1.3. The c.hapter also provides a stabil­

ity analysis of the prupose<l controller based on a Lyapunov ·s stability approach. 

Simulation results are prest·ntetl to show the tracking ability and the robustness of 

the controller in the face of different intensity levels of parametric and modeling 

nncertaintit~s iuduclin~ t~xt,,rnal ,listurhanccs. The tracking performance and the 

robustness of the cunt.rollt•r is cnmparccl tu its conventional adaptive counterpart. 

A more t•nhanc,·d cuntroller is proposed in Chapter 7. Its innovative structure 

takes advantaµ;,: of tht• mathematical strudnre of the manipulators dynamics to 

rlrastically reduct• tllC' numlwr of fuzzy rules nsecl by the controller described in 

Chapter 6. This rule recludion technique leads to an even higher computational 

efficiency as cumpan~d tn the controller described in Chapter 6. To reduce the com­

putational wmplt'xity l'Vcn further. a hierarchical framework is designed to make 

the adaptivt: fuzzy nmtrolkr operate at a supervisory level whereas a conventional 

adaptive controller operate within the dos.eel loop of the control system. This hier­

arclucal control structure enables the adaptive fuzzy controller to operate at a lower 

bandwidth than that of the conventional one located at the lower level. and hence 

consumes less uf tltt: systt•m 's computational resources than the controller presented 

in Chapter 6. The stahility of this hybrid controller in the face of parametric and 

modeling uncertainties is also proven using a Lyapunov·s stability approach. Sim-
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ulation results arc also illustrated to show the tracking performance of the hybrid 

controller mul compare it with the conventional one. 

Chapter 8 presents a summary of this work along with some concluding re­

marks and suggestions for further studies pertaining to this important yet complex 

problem. 



Chapter 2 

Overview on Cooperative Robotic 

Systems 

2.1 Introduction 

Mnlt.iplt~ n,nperating rul,ot ( CR) arms sharing the same workspace have been of­

t<'ll cla.ssifie(l into two major categories: interacting and non-interacting systems. 

\Vhen cooperating arms have no clirect physical interaction. the system is said to be 

weakly coupfrd. In such a ease. the motion coordination problem becomes that of 

<ktt~rmining a collision-free path [21.44. i3.120]. The present work pertains mainly 

to systems with strong direct physical interacting manipulators. Such systems arc 

referred to as strongly c011plt:d systems [122]. Controlling the internal forces has 

ht•en a key issue for ,·o\mlinating the manipulators of this type. 

\\"ht'U two or more ruhot arms grasp a common object. with the ground. they 

form a dosecl kinematic d1ain Ult'chanism. Such systems are referred to as closed-

1G 
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chain robotic systems. This implicitly imposes a set of kinematic and dynamic 

constraints on the position and velocity of the manipulators as they have to remain 

in contact with the object while in motion. As a result. the degrees of freedom of 

the whole system (lccrease learling to the. generation of internal forces. Such internal 

forces. which ha.v(~ to be controlled appropriately. stem from the direct interaction 

between the encl-effectors and the object. Hence. controlling multiple manipulators 

interacting with an nbject. ur a given environment. is usually a much more complex 

problem than that of a single robot control. The motion of the manipulators has to 

he kinematirnlly an<l dynamically coordinated. The kinematic coordination means 

that all the f'IHl-dfectors involved have to movP. synchronously to track a certain 

prespecified desired position and orientation of the manipulated object without 

losing contact with it. In this work. the clynamic coordination translates to having 

the end-effectors movt-> in a n·rta.in manner so as to control the internal forces 

induced in the system. 

In clcaling with the uwrall operation of a typical cooperative robotic structure. 

several modules may have tu operate in a synchronized and well coordinated man­

ner. These modules. which might be structured in the same way as in figure 2.1. 

may indurlc a vision component. a gripper component. and a motion component, 

to name a few. We restrid our focus in this thesis to the motion component which 

involves position/force control aspects. Other components such as the vision and 

gripper modules have heen tackled elsewhere and do not show major differences 

with the well establishe,l rcsr-arc:h work for one single manipulator systems. 
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Figure ~. l: :\ilo<lnles Tacklt·d Within the Smpe of this Research. 

2.2 Kinematics of CR 

About two decades agu. Fujii and K nrono [30] presentecl a work about two cooper­

ating robots. Their work was relatively simplistic ancl it consisted of studying the 

position control of the two robot <'IHI-effectors without taking the coupling effect 

between them into account. Hcrnami [-t l]. then c:ame up with what he called the 

master-.-~lm1r. method. The method iuvolve<l controlling the kinematics of a certain 

arm. called the master arm. whereas the kinematics of the other (slave) arm is 

determined relativdy to that of the master arm. The basic idea in solving for the 

kinematics prublem in the master-slavt~ rnnti~nration is to determine a transforma-
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tion matrix H that transforms the position and orientation of an object. defined in 

a rcfcreno~ c-oorclinate syst~m ( usually taken as the base frame of the master robot). 

into the equivalent coordinates in the slave robot ·s base frame. The position and 

orientation of the object in the slave robot"s base frame. T11 • is then determined by 

where Tm is the matrix defining the objt'd ·s position and orientation in the reference 

coordinate system. 

When ,lcsiguing a cooperative robotic system. the problem of minimizing the 

relatiw' error between t.he robots· t•11<l-,·tfoctors has to be acl<lressed. Luh and 

Zhang [7-l] clt'rivecl a tcdmiqut• which nst•s a set of <'qnations describing the coupling 

between two cooperative robots. Zheng ancl Luh [ 151] solved the kinematics for the 

joint torques of two cooperating arms in the context of master-slave dnal-arm coor­

<lination. Suh and Shin [106] extendecl the work along this clircctiou by developing 

the mathematical model for tlw coorclination of dual arms carrying a rigid object. 

The mncld sn~gPsted. forces one robot. t.u grasp the ubjc'ct rigiclly from one end 

while allowing the scconcl robot to change its contact point with the object from 

the other hand. The kinematics rnnstraint relationships between two cooperative 

robots were also studierl by Yan and Koivo [138]. Their approach was based on 

the joint velocities coupling constraint t·qnations. It basically consists of deriving 

.Jacobian matrices for a multiple manipulator system. which map the global joint 

space velocity into the task space gravity velocity of the object. 
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2.3 Dynamics of CR 

Dynamics of dosed chain cooperative multi-robot systems were first introduced by 

Hemami et al. [-t2]. They investigated dynamic systems which arc linearized about 

a working point. and in which forces constraints are use(l in the linear feedback. 

Tarn et al. [111] proposecl a linear transformation methml that transforms the non­

linear dynamic equations of the system to a linear one- with decoupled matrix-form 

equations. Another approach to solve the dynamics of cooperative manipulators. 

was also proposed and involved both external and internal forces [82]. This is done 

by solving an inkrnal force optimization problem. A more generalized technique 

was invented Ly Chiacchio d al. [10]. This technique uses dynamic manipulability 

ellipsoids which define and analyze multi-arm system ,:unfigurations. For a tw~ 

arm dosed chain system. the joint variables and the gt~neralize,l coordinates can be 

represcntc,l. respectively. as 

where n and m arc the total number of joints anrl the rlegree of freedom of the chain. 

respectively. Note here that m s; n. The Lagrangian of the system is expressed as 

. . 
L(B.0) = K(B.8) - V(O). 

where K and V are the system· s kinetic anti potential energies. respectively. 

The generalized torquc/forc-c vector T = [ri. r 2 ..... rm]T is then given by 

,l DL(B.0) 
T"- ----1 

- ,Lt Dtji 
8L(8.8) 

Dqi 
i. = I. 2 ..... m. (2.2) 
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Using the functional relation f} = 0(,1) and equation (2.2). the dynamic model of 

the two-arm closed cha.in can be written as 

D(q) ij + C(q. q)q + G(q) = T. (2.3) 

where D( q) is a symmetric positive definite matrix representing the manipulators 

inertias~ C( 'l~ ,j) is a matrix containing the centrifugal an<l Coriolis terms of the 

robots. and G( q) is a matrix representing the gravitational terms. The dynamics 

equation (2.3) is also valid for a single-manipulator robot except that in that case 

fJ = q au<l m = n. It is important to point out that in real-world applications. 

equation (2.3) is very complex and it is very c.liffirnlt to come up with an accurate 

estimation for it. This is mainly due to the ubiquitous presence of highly nonlinear 

terms in them ancl also clue to the ill-,lefined working environment of the robots. 

2.4 Motion Coordination Control 

It was stated in the so·s that an efficient cl~·sign for multi-robot systems does not 

only require an efficient control methodology but also the design of a very accurate 

control model that encapsulates the dynamics of the robots involved. The control 

strategy used is very important as it controls the joint torques of the robots. and 

hence has a major contribution to the speed and the accuracy of the overall system. 

Thus. the main issue is how to solve this control problem. 

Due to the highly nonlinear dynamic equations an<l couplings that govern the 

motion of the robots. this problem has been quite difficult to solve. Following the 

emergence of the first cooperating manipulator moclels in [30]. the control prob-
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lem of such systems has drawn the attention of several researchers and different 

approaches have been proposed. Some arc based on the linearization of the system 

model [52. 133]. Others use general decoupling techniques. leading to an arbitrary 

pole-placement approach [25-27]. These techniques were among the first to pro­

vide a direct nonlinear treatment of the equations of motion. They led to a design 

method based on the complete decoupling of all the variables of motion [29J. Such 

a design needs a solid knowledge of the model parameters. which is extremely hard 

to come by in many real worlcl applications. Moreover. such techniques require a 

large computational resources and ignore the interacting forres. These clifficultics 

have made these techniques inapplicable for industrial real-time applic.:ations. To 

alleviate these problems. the master-slave ard1itedure was introduced [ l. 7 --l]. The 

general approach behind it. is to specify the desired path of the mru;ter manipulator 

first. The desired paths of the slave manipulators arc t.hen expressed with respect 

to the path of the master manipulator. Its motion coordination strategy helped re­

ducing the complexity of the problem. but still many dynamical rdatecl difficulties 

remained unresolved. 

Different control approaches were tested on the master-slave cooperating arms 

architecture. Alford et al. [l] used a two-robot coordination control computer to 

control the relative position error between the two end-effectors. Koivo [56J used 

a MIMO (Multiple Input Multiple Output) discrete-time autoregressive stochastic 

model with external inputs. The parameters estimation was computed recursively 

and on-line. The controllers used were mainly adaptive in nature. Mayorga and 

Wong (79] usec.l a conceptual representation for each of the redundant robotic ma-
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nipulators to formulate an inverse kinematics problem under an inexact context. 

The scheme also used a linear system of equations for each robot. a motion planning 

vector. and an original procedure for the proper perturbation of the pseudo-inverse 

matrix. to plan the motion of a multi-robot system. The proposed scheme was 

shown to. simultaneously. coordinate the robots motion on-line. and prevent sin­

gularities in a sensor-based environment. These properties qualify the procedure 

to be suitable for a large class of robotic applications. such as autonomous and 

telerohotic systems. Tarn et al. [111] proposed a linear transformation method 

that transforms the nonlinear dynamic Pquations of the system to a linear one with 

clecouplcd matrix-form equations. A nonlinear fct~dba.ck controller was proposed 

in [14-l]. and a mutroller based on a PD plus brravity compensation was clisnisscd 

in [131). The main drawback of fceclback-linearization-based control schemes along 

with most non-adaptive control schemes for the c:oordinatcd control of multiple 

manipulator systems. is that they usually ass11me a full knowledge of tht~ syst<~m ·s 

dynamics [i5. i6. 142. 1-13]. This is an unrealistic assumption in most cases since 

these complex systems are usually subject to the ubiquitous presence of uncertain­

ties. 

To deal with the uncertainty problem in controlling robotic models and specifi­

cally cooperative-robotic systems. several adaptive control schemes were proposed [47. 

iO. 8-1. 104. 105. 125. 126.139}. These control algorithms approximate the system ·s 

dynamics using a continuous online estimation of a set of the plant ·s physical pa­

rameters through well-defined adaptation laws. For it to provide a satisfactory 

performance. a typical adaptive control algorithm assumes that the dynamic model 
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is perfectly known and free of significant external ( unmodcled) disturbances. In 

other words. the controller is only robust to parametric. or structured (also called 

modeled) uncertainties and to minor unstructured uncertainties. In addition~ the 

unknown physical parameters must have a constant or slowly varying nominal val­

ues. Moreover. an explicit linear parameterization of the uncertain dynamics pa­

rameters has to exist. and even if it docs, it might not be trivial especially with 

complex dynamic systems. Although the latter condition is guaranteed for every 

robotic dynamic equation. it might not be the case for many other systems. It 

is worth mentioning that all the aforementioned conditions arc necessary but are 

insufficient for a satisfactory performance and stability of a conventional adaptive 

controller. Many adaptive control techniques suggested for multi-robotic manipu­

lator systems. can only guarantee a bounded internal force error in the best case. 

Although. this error depcn,ls on the controller being used. in most cases it has 

a nonzero value which might be relatively large [125. 135}. It is also important 

to point out that the majority of the work on conventional a1laptive controllers 

ignores the effect of unstructured uncertainties and external clisturbanccs on the 

controller ·s performance and its stability. Modeling imperfection of complex sys­

tems. such as dosed-chain robotic manipulators. is inevitable in most cases. This 

makes the clevelopmcnt of a control approach for the increasingly complex cooper­

ative manipulator systems. which is robust in the face of modeled and unmodeled 

unr.ertaintics. a necessary step to keep up with the increasingly demanding design 

requirements of such systems. 

\,Vith the recent developments maJe in the area of connectionist modeling. sev-
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eral researchers have attempted using them to achieve this goal. The neural net­

works that have been used in this regard can be classified into two classes. The first 

class consists of those that are trained off-line [22. 35. 65}. Such neural networks 

lack any online built-in adaptation capability to handle any changes in the system's 

dynamics. The second class of neural networks consists of those that possess an 

online learning and adaptation capability [7.12, 16.31,66,85, 135). These neural net­

works have been found to be quite efficient in a number of applications. However. 

their efficiency heavily depends on their structures and adaptation laws which are 

usually ohtaincd in a trial-and-error manner. This is a complex procedure and its 

complexity increases with that of the system to be controlled. This is mainly due 

to the difficulty in finding a meaningful physical interpretation to the parameters 

used by the neural network. Besides. even when they show satisfactory perfor­

mances like in [31.135}. their behavior is still not well understood or interpreted. 

The performance of these neural network based adaptive techniques when applied 

to other types of problems is not guaranteed and cannot be ea.:iily <1uantified. In 

aclclition. the number of parameters which a neural network depeml on is usually 

high and is proportional to the complexity of its architecture. This dramatically 

enlarges the parameters· tuning space and makes it even more difficult for the con­

troller to achieve its global goal. It is worth pointing out that in many cases. like 

in [7.12.16. 66J. a formal mathematical proof of the control system ·s stability could 

not be accomplished. 

Fuzzy logic systems have been credited in various applications as powerful tools 

capable of providing robust controllers for mathematically ill-defined systems that 
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may be subjected to structured and unstructured uncertainties [8.15. 46. 64. 91.105. 

lOi .115.140}. However. and until recently. most practical applications of fuzzy logic 

control have been limited to relatively small classes of problems. This is ma.inly due 

to the lack of an efficient and systematic online adaptation mechanism that would 

adapt the controller at varying working conditions of the system. Fuzzy controllers 

used to depend heavily on the expertise of the designer who has to run the system 

through several off-line trial-and-error tune-up cycles before finally integrating the 

controller into the system. In this case. if there are any more changes in the 

system ·s •lynamics or its working conditions. the whole tune-up process has tu be 

restarted. Another major shortcoming fuzzy logic controllers used to suffer from is 

the lack of formal syntht>sis techniques that guarantee the basic requirements for 

fuzzy controllers· global stability. These limitations have stood as an open problem 

for several years until the pioneering work of Wang presented in [127. 128}. The 

universal approximation theorem has been another main driving force behind the 

increasing popularity of fuzzy logic controllers as it shows that fuzzy systems arc 

theoretically capable of uniformly approximating any continuous real function to 

any clegree of accuracy. This has lccl to the recent advances in the area of adaptiw 

fuzzy control [8. 46.107. 115. 1-l0}. 

2.5 Force/Load Distribution 

Researchers have used a wide variety of optimization techniques. based on different 

types of objective fundious and optimization constraints. to solve the force/load 

distribution problem. Linear programming (LP) techniques were the first anti 
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simplest methods to be used. To overcome the problem of the large number of 

variables -with rc-spcct to the number of constraints~thc compact dual LP tech­

nique was dcvelopc<l [86j. The duality principle of LP reduces the problem size by 

exchanging some variables with constraints. lnspite of its computational time effi­

ciency and the ease of its real-time implementation. the compact dual LP method 

still suffers from the LP limitations. For instance. it cannot cope with quadratic 

quantities. such as: force norm and torque effort. The possible discontinuities in 

the solution produced. also represent an even further handicap for the LP-based 

techniques. 

These <litficiencies were solved by using nonlinear programmmg (NLP) base,l 

tt1chniques. Nakamura d al. [82] minimize,l the force norm ( objective function) 

considering the fridion rnne as the inequality constraints. This methocl is inef­

ficient as it •loes not reduce much the problem size. and hence it requires high 

computational resources. An alternative for this scheme. is to minimizc- the en­

ergy dissipated by the cooperating robots subject to joint torque constraints. anJ 

the internal force wit.bout any joint torque constraints [ 150]. A slightly 1110,lifie,l 

approadt is to minimize the joint torque effort while constraining the maximum al­

lowable joint torque of the robots [llj. Nahon et al. [81] introduced what is so called 

quadratic prngramming ( QP) technique to minimize a quadratic criterion subject 

to linear inequality constraints. The method was used to solve a multi-finger force 

distribution problem. Due to the large number of constraints in ;\ multi-robot 

system. the QP mdho,l n~quires a substantial computational resources. making it 

inefficient for such applications. This inefficiency could be alleviated using the du-
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ality principle's strong potential for reducing the problem size. Therefore. a hybrid 

strategical technique of QP an<l compact duality proved to be highly performant 

with quadratic constraints (61]. 

2.6 Object Manipulation 

Three main types of tasks have been acldressecl in the literature of strongly-coupled 

multi-robot systems. The most cited one is when the cooperating multiple arms 

grasp a common rigid object to move it from an initial position/orientation to a 

clesirc(l one [69.121 l. The cnd-dfectors are rigidly attached to the object. Tracking 

the (lesired position and orientation of the payload and the <lcsire<l internal forces 

betw~cn the manipulators and the payload is among the main control issues in this 

type of tasks. The second type of tasks is when the cooperating arms grasp and 

manipulate objects having movable arms. such as a pair of pliers [17). The third type 

uf tasks involve grasping and manipulating large. possibly heavy. objects that do 

not have a suitable geometric shape to he grasped by an ordinary single end-effector. 

An instance of suc:h objects can be a cardboard with the size of the manipulators. 

Designing large powerful end-effectors does not solve the problem because they 

would require large manipulators to support them in return. As a solution to this. 

the concept of enveloping grasp awl manipulation is introduced [88. 89~ 14 i]. Here. 

in addition to the end-effectors. the robots arms also contribute to the embracement 

of large objects. This technique even allows manipulating multiple objects at once. 

Tht• idea behind it. mainly. consists of pushing the object from two opposite sides 

using open palm end-effectors [89. 1-15. 146]. The object may subsequently either 
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roll or slide along the contact surface [147]. Such controllers possess high potentials 

for real-life applications. In acldition to their capability in handling large industrial 

and waste disposal objects. such as cardboard boxes and barrels. they can also be 

used to handle industrial and space objects. such as crates and satellites. 

2. 7 Collision Avoidance 

When several robots operate in a common workspace. at an assembly station for 

instance. they may become obstacles to each others causing possible harmful colli­

sions. Collision avoidance is thus a crucial problem that has to be addressed when 

designing multi-robotic systems. especially when they operate in real-time. Simple 

rnllision avoidance methods were based on the fact that only one robot arm can be 

ac~tivc at once. The other arms have to remain locked until the active arm suspends 

its motion [21.120]. Not only are these implementations restricted to a pre-specified 

working space. but also are very far from being optimal in terms of the time spent 

by the robot arms waiting out of the rnllision space. To overcome this problem. 

more advanced approaches were developed [44. 73]. The techniques suggested were 

basecl on an extensive search for a collision free path. Due to the exhaustive na­

ture of these methods. they were considered prohibitively time consuming using 

the computing facilities available at the time. Therefore. they were inapplicable to 

i1uiustrial real-time applications. 

Freund et al. [28} and Cheung [9} presented a systematic collision avoidance 

design. This design requires that the hierarchical structure of the system takes into 

acnmnt the exact overall llynamic.:s. The collision avoidance strategies were based 
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on the trajectories which serve for collision detection and avoidance at the same 

time. Other approaches such as the use of a sphere model. straight line trajectory 

planning. and collision maps and time scheduling. were also investigated (63]. 

2.8 Disturbance Rejection 

The ability uf tolerating external disturbances and unmodeled uncertainties is a 

very important and desirable characteristic of a given control system. Although 

the clisturbance attenuation problem has not been studied as extensively as po­

sition c:untrol or force (:ontrol. for instance. several researchers suggested diverse 

tt~chnicp1es to approach it. 

A llisturbance observer that estimates and compensates for the external distur­

bances ancl paramder variations in robotic systems has been proposed [39. 57 -59. 

83]. The disturbance observer is known to provicle a satisfactory performance if 

1·ertain criteria are met. However. it tolerates neither modeling uncertainties nor 

time-varying disturbances. 

Another disturbance rejection technique that has been used in position control 

of robots pertains on using a PI (proportional integral based) estimator to assess 

the robot joint acceleration. the centrifugal. centripetal. Coriolis. gravitational. 

and the fril-tion forces acting on each of the robot joints [51. 97}. This type of 

f'Stimators draws its popularity from its simplicity and low computational cost. 

Also. it dues not require a very precise knowledge of the robot dynamics as it 

is basecl on an online continuous approximation of it. PI estimators showed to 

provide a satisfactory clisturbance rejection and a fast tracking capability if proper 
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PI gains were used. However. determining suitable gains is a very model-dependent 

task. It is important to point out that the performance of PI estimators is heavily 

dependent on these gains. If the gains arc not carefully chosen. not only does this 

degrade the performance of the controller but it might also incur instability of the 

system. Desides. the PI estimation technique has been mainly applied to position 

control and its behavior is not very well established in the presence of a force control 

mo<lule. for instance. 

Adaptive control algorithms have also been used to attenuate external distur­

bann~s in rnhutic systems. An adaptive eontrol with nonlinear parameter friction 
' 

fnnctil)ll was suggested in [2j. However. the proposed controller does not tolerate 

time-varying ,listnrbances and <loes not guarantee a satisfactory transient response. 

To retain the a<l vantages of. bnth. adaptive ancl robust control. Tao [ 110} proposed 

a robust adaptive controller that tolerates time-varying parameter disturbances. 

The proposecl controller guarantees an asymptotic tracking error convergence to 

iero only in the ,·ase when the robot ·s clynamical parameters arc not varying and 

the external clisturbances are vanishing. Its transient performance can only be 

improved up tu a certain extent as it ,lcpcnds on the disturbance bounds. To 

overcome these shortcomings. a robust adaptive controller with a satisfactory tran­

sient performance ancl the capability of high disturbance attenuation was designed 

in [113]. This controller does not take into account modeling uncertainties. though. 

In spite of the fact that all of the aforcmentionccl adaptive disturbance rejection 

techniques assume bouncled disturbances. none of them assume unknown bounds 

of these clisturbauces. Tomei [11-t] proposed a robust adaptive tracking controller 
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that guarantees an asymptotic convergence of the position tracking error to zero 

in the face of bonndell time-varying disturbances and modeling uncertainties with 

unknown bounds. The ma.in drawback of this technique. though. is that it requires 

that these external disturbances and modeling uncertainties belong to L2 for the 

tracking error to asymptotically converge to zero. Such a constraint is very difficult 

to satisfy in a rea1-life situation as one can harclly guarantee that the norm of the 

external ,listurbances vector and that of the modeling uncertainties will actually 

tend to zero as time tends to infinity. 

Sevc•ral researchers have attempted to tackle the disturbance rejection problem 

by using tools of computational intelligence. Neural network based controllers have 

bt•t>n ,lesignecl for this purpose (7.12.16. 31.66.85.135}. The suggested neural con­

trolkrs are prnvidell with onlint~ learning and adaptation capabilities to estimate 

the unknown overall dynamics of the manipulators a part of which are the external 

,listnrbances. An innovative neural-based approach has been recently proposed by 

Wang ancl Lin [130]. Although neural controllers. in general. have been found to 

be quitt~ t'tficicnt in a mnnber of applications. their efficiency heavily depends on 

tht• struc·tnres of the neural networks used and on the adaptation laws which are 

usually determined by a trial-and-error process. This is a complex procedure and 

its rnmplexity increases with that of the system being controlled. It is also worth 

pointing out that in many cases. like in [7 .12.16. 66]. a formal mathematical proof 

of the control system ·s stability could not be accomplished. 

Several adaptive fuzzy controllt~rs have also been proposed to attenuate the ef­

fect of tht• ,·xtt•rnal disturbancPs and modeling uncertainties. Chang and Chen (8] 
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liesigned a robust adaptive fuzzy controller for this purpose. However. the proposed 

controller is only applicable to a certain limited number of classes of holonomic and 

uon-holonomic systems. Other adaptive fuzzy controllers have also been proposed 

to tackle this problem [107. 115. 1-10]. Although these controllers have generally 

shown a satisfactory position tracking performance in the face of external distur­

bances. they have not been tested when a force control module is involved. In 

adclition. the numbers of fuzzy rules they use arc relative quite large which neces­

sitates the use of a special customized type of hardware to keep up with their high 

mmputatiunal mmplexity. This makes these controllers quite expensive and their 

application to rea.l-lifo robots very uncommon. 

2.9 Conclusion 

In this chapter. Wt' l)Verviewed some of the major issues pertaining to the kincmat­

ic·s. dynamics. control. ancl ,listurbance rejection of cooperative robotics. Although 

several modules with (lifferent roles and objectives have to operate simultaneously 

to achieve the overall goal of any robotic system. the work presented in this thesis 

tackles specifically the motion and disturbance rejection control module of coop­

erative robotic systems in the face of parametric and modeling uncertainties. The 

rnrrent work is also concerned. up to a certain extent. with the hierarchical as­

pt•d nf the control of such systems. We provi,lec.l some of the most recent research 

work carried out in this area. The next chapter deals with the kinematics and the 

,lynamics modeling aspects of cooperative robotics. This background material is 

necPssary to tackle the remaining chapters of the thesis. 



Chapter 3 

Modeling Aspects of CR 

3.1 Problem Statement 

The simultaneous position and force control has usually been accomplished by two 

well known rnntrol tcchni<tues: impedance control [45. 55] and ( traditional) hybrid 

position/force control [l-U)2. 04.141]. Impedance control usually aims at satisfying 

a certain 1lesire,l r~lationship between the position error and the force acting at the 

t~nd-dfector at which a mechanical impedance is sought to be achieved. The main 

clrawback of impeclance control is the assumption that the dynamics of the contact 

environment can be accurately expressed by a linear equation. In most cases. such 

a linear formulation i~ not only very difficult to attain but also requires a full 

knowledge of the rnntad environment ·s (lynamics. which is usually not available. 

The ( traditional) hybrid position/force control is based on the idea of splitting the 

task space into two orthogonal subspaces. One for the direction(s) in which only 

position cont.ml is consiclerecl. and one for the other direction( s) in which only force 

34 
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is controlled. The orthogonality betw~en the two subspaces has been assumed to 

exist in tht• vast majority of the works. However. in a number of applications this 

might nut he the casP ancl hence such a technique cannot be used [20.124]. 

Consicler m cooperative manipulators holding a common objed as shown m 

fiµ;ttre 3.1. The objectives uf the robots is to simultaneo-n~ly 

( i) move that object so that its center of mass tracks a preclcfiued trajectory 

(position and orientation). and 

(ii) mntrol the internal fon~es between the object anci the end-effectors so that 

tltt·y (·onverge to their precletermined desired values. 

ThPse ohjt_•divt•s have to be achieved in the presence of rmkrwwn time•varying 

t'Xtt•rnal <listt1rbai1t:,•s anrl in the presence of. both . . -.:tructured and rLn._-.tructure.d 

uncertainties. To facilitate the formulation of the dosed-chain system ·s dynamics. 

the folluwing assumptions are consi,lt·red. 

Assumption 3.1.1 Tht· objt'ct i.-.: rigidly gra.-.:pcd by the rnd-rffector~. In other 

word.-.. thfn: i.-.: rw n·lati1·,· motion bdwcen the end-t:lfe.dor~ <Lrul the object in order 

not to iw:rrase the .-.:y.-.:fr.m. • ... de.gree.-. of freedom. 

Assumption 3.1.2 Thr kinematics of each manipulator is perfectly known. 

3.2 Centralized Versus Decentralized Schemes 

C.)Opf•rative manipulaturs control methods are generally classified into two major 

c-att•gorit•s: n•ntralizt~cl a11tl clecentralized control schemes. In the last decade. re­

St•arch in the arra of l·uopt•rative manipulators control was mainly dominated by 



CHAPTER 3. MODELING ASPECTS OF CR 36 
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Figure 3.1: I\folt.iplc Cooperative Robots Manipulating a Common Object. 

the (lesi~n uf ct>ntralize(l type uf controllers. lu a c·entralizt•cl l~ont.rol scheme. a 

rnorclinator is usually assigned the task of coordinating the robot manipulators. In 

Ull)st ca..,;es. t.his t·oc.mlinatl)r is Pither a customized piece of harciware. such as a 

micrn proct•s:-;ur nr simply a nm1pnter system. whid1 is responsible for computing 

tlw inputs uf all tht• manipulators involvecl. This computation is mainly based on 

the manipulators kint'matics and dynamics. As a result. using a centralized cou­

trnl schetut' for ,kaling with highly nonlinear complex systems with large number 

of degrees l)f frPt'<lnm. su,h as the case for cooperative robotic systems. may be a 

very much tiuw cnnsnming and cumbersome process. This becomes an even more 

tedious prnbl1'm if tltt' overall system ·s ciynamics has uncertainties or time-varying 

paramett-rs. ~fon· rnmpkxity could be added if there exist more than a few possible 



CH.~PTER 3. MODELING ASPECTS OF CR 37 

(iesirecl trajectories or if the clesin~tl trajcctnry may not be determined in ac.lvance. 

In such cast's. the cuntrol signal cannot be computed and stored off-line but it has 

tt) he cm1timwnsly rnmputecl at every hardware dock cycle in real-time throughout 

the whole trajcctmy. This may Le a Vt'ry computationally t~xpensive process for 

lar~e-scalt~ complex cooperative manipulator systems. 

U nlikc centralized controllers. de<:cntralized control schemes are based on the 

fad that t•ach manipulator pt'rforms its own computation locally based on its own 

statt> span•. clynamics. an,l kinematics. Additional boundary conditions and other 

c·lmst.raints an.' aclcle(l to a.'istm~ appropriatt~ coordination of the robot arms. Al­

t hnuµ;h such typt' of control strategy may result in some time overhead due to the 

pllssihle ,·xrhangt• l)f information amon~ the manipulators. it nevertheless drasti­

cally rcdnn·s the nm1putational burden that centralized controllers are known for. 

But whilt• the tiistribnti1.m of the computational tasks. control. and <lata. forms a 

·natnrar way nf hn·aking (luwn the overall control task in a decentrnliz,·d controller. 

thf' modding aspect is far from lwing trivial. As a matter of fact. tlt~centralized 

contrnl nf l'oor(linate<l manipulator systems is c:ousiderccl as a new field uf research 

wit.h littlt~ major results mmparecl t1.) the c·entralized control case [-17. 69. 71. 72}. A 

clct·,·ntralized mu(lel of a general cooperative manipubtor system is derived in this 

d1aptt•r. In uther worcls. each rnb1.>t is modeled independently of the others and 

its model is basecl solely on its own kinematics. dynamics. and state space. This is 

clesc:ribt'd in the following sedions. 
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3.3 Kinematics 

At any instant of time. the location of the manipulated object can be defined by 

the Vt~dor x = [xi)' xfc,1f E iRk0
• where x(p) E ]RP and x(o) E IR.0 are vectors 

defining the position and orientation of the object. respectively. The superscript 

intq~crs p and o bdong to the set {O. 1. 2. 3}. where !R0 denotes the empty vector. 

aIHl ku (k0 = p + v) is the objcct·s total degrees of freedom. l11 what follows. 

all positions an<l orientation coordinates of the object and the end-effectors are 

cxpn·ssecl relative to a common n~ft·n~nce frame unless otherwise stated. Using the 

manipulators forward kinematics t•quations. x can be rewritten as 

( 3.1) 

wlwrc •[i E !Rk, and ki arc the respt•divcjLJint coorrlinates anrl the cl,~grees of freedom 

1>f robot i. for i = 1. .... m. The stncly rnnJucted in this thesis is valid for redundant 

as wdl as non-redundant mauipulatt)rs. In other words. it is valid for ki 2:: k0 . 

i = 1. .... m. Differentiating t~qnation ( 3.1) with respect to time yields 

( 3.2) 

where .f,:,1 ( qi) E R. ko.<ki is the .Jacobian matrix from the object ·s center of mass to 

'/i· Diff<·rcntiating equation (3.2) with respect to time results in 

(3.3) 

Ectnations ( 3.1). ( 3.2) and ( 3.3) arP. known as the kinematics equations of a coop-

1•rati vP robotic system. 
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3.4 Dynamics 

In a dosed-chain rubutie system. the clynamics of the ith manipulator in the joint 

spare are ~iYt'n by 

(3..t) 

where ri E JRk, tlenotes the joint torque/force applied by the actuators on the ·ith 

manipulator. Af,( <Ji) E R k, ( k, is the positive clefinite inertial matrix. Q,( qi. (id E 

tR,k,.:k, is the Coriolis awl centrifugal matrix. W,(qi) E JRk, represents the vcdor of 

~ra.vita.tioual forn·s . ./,., (q1) t-: R_koi:k, is the manipulator .Jacobian matrix from the 

c•wl-dfodor Ei to '/i. F,., ~ lR ko is the forrf' t~Xcrted by the objf~ct on the en,l-dfcctor 

E,. and TJ, E Rk, represents the unstructured ,listnrbancc vector clue to unmoclcled 

friction forces awl othf•r unknown and varying factors. The dynamics of the object 

in the task spacP art> givPn by 

(3.5) 

when~ Jfu(r) i:: ~kod.·o is tht1 object·s symmdric· positive ,lefinite inertial matrix. 

(}0 (.r . .r) E JRko <ko 1lt~t10tes the objPet·s Coriolis ancl centrifugal matrix. W0 (r.) E jRko 

n 1 prescnts the gravitational force acting on the object. and Fu E IR~ is the resulting 

forrt~ of the m manipulators acting on the object ·s center of mass. The force Fu ean 

be expressed as 

TTl 

Fo = - L F.~c,• 
i=l 

where F.~e, E Rko is the force -indirectly .. applied by the object"s center of mass on 

the ith manipulator. arnl is knl)Wll as tht! interaction force. The forces Fe~, aml F~, 
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are related by 

(3.6) 

wht~n· ./,.t", (.r.) c jRkoxko is t.he .Jacobian matrix from the enll-dfedor Ei to the 

object's center of mass. Notice that the .Jacobian matrices .lit,.(qi). J,Jqi). and 

.J~·c, ( .x). are rdate(l by 

.Jr:, ( '/i) = .f.:~. ( X) .J ¢>, ( '/i). i = 1 ..... m. 

The force F.:r:, can be regarded as the sum of an internal force fi and an external 

(3.i) 

From the propPrty nf internal forces. it is known that 

m 

(3.8) 

The int,,rnal furc,•s ,·ancd ead1 otht'r out aurl ,mly ,~xtcrnal forr:cs contribute to the 

motion of tlu· obj,·d. Hence. equation (3.5) can now be rewritten as 

m 

Jiu( .x )x + Qu( ,r, • .i- ).r. i Wo( X) = - L .ii. (3.9) 
i=l 

Th(• ext,·rnal force ,~, ran be t'Xpresscd as 

(3.10) 

where t > 0 ,lenotcs the time variahlt~. ancl c1 ( t) E IR koxko is a positive definite 

1liat,;llna.l matrix rr•prescnting the loacl <listribution of the object onto the ith ma­

nipnlatnr. An important physical propf•rty of load distribution matrices is that 
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they sum up to the identity matrix h
0 

E R. koxko. That is. 

rn 

L cd t) = h 0 • for t ~ 0. 
i::: l 

Snbstitnting equation ( 3. 9) into ( 3.10) res11lts in 

m 

8i = Ci(t) L Ji· 
j:l 

Substituting equation (3.11) into (3.i) yields 

m 

/i = Fee, - <\(t) L Jj. 

j:::l 

41 

(3.11) 

lfsinµ; t•quations (3..t). (3.G). (3.i). (3.11). and the kinematics t•quations (3.1). (3.2). 

all(l \:l.3). tlw «lyuamics t'<p1ation uf the ith manipulator can be rewritten as 

an<l 

Di(,1d = Mi('ld + rri(t) Mu(<Ji) 

C(q.-.,ji) = (Ji('/i•'id + <\(t) (Mo(qd + Qu('/i,<id) 

Gi(tfd = iVi(,1d T <'ri(t) Wu('ld 

Mo(,Ji) = .IJ. ( qi) Mo( i;) .lip, ( qi) 

Qo(•/i· ,ji) = J!(qi) Qo(x.x) J,p,(tJd 

Wu(qi) = .!J. ( qi) Wo( i; ). 
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whid1 means that 

( 3.13) 

Assumption 3.4.1 ThF matrix ( i·i( t )Q0 ( qi, ,ji)) i.-. 1miformly contin'!Lo-us and bmmded. 

Th.it .... th rre. t·ri ... t ... a po ... itive con;-;tant T/i . ..::·uch that 

( 3.14) 

Since the matrices Di(qi). C(q;. ,ji). and Gi(<Jd. arc linear in terms of the manipu­

lators physical paramdc•rs. the first terms of the ,lynamics t~quation (3.12) can be 

n·writtt•n a.s 

{ 3.15) 

wllt'rc~ cp, ,-:: !R k.,:, is a vector of the physical parameters ( mass. moments of inertia. 

friction coefficients. de·.) of the ith manipulator and the objed. and k..,, is a positive 

iR k ( k • k l • • l • • l d f l '· -.:, 1s nown as t tt' rq~n~ss10n. or n·g;ressor matrix. anc 1s m< epen ent o t lt! 

physical parameters n)prt•scnte<l hy '-Pi. 

3.5 The Model 

All the simulations run thronghont the thesis are carrie,l out on two 3-DOF identical 

manipulators. Both manipulators cooperate to handle an object whose physical 

parameters are given in table 3.1. It is important tu bring the reader ·s attention to 

tlw fad that the object. ·s stiffness in table 3.1 is assurm•d to be known for the sole 
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pnrpose of computinp; tlw contac:t and the internal forces during the simulation. In a 

real-lifo ruhotic system. such fon.~PS a.re determine<l through means of force sensors 

mounted at the manipulators wrists. The manipulators physical parameters arc 

providecl in table 3.2. The robotic mocld used in this paper is similar to the one used 

in [125]. The bases of the two manipulators are lllcatecl at (Xl(ba,d· Yl(lJa,c)) = (0.0) 

an<l (X2(bcu~)· r21 b0 .. i:1) = (1.U). n~spectively. In the simulations. the manipulated 

object mows fulluwiug a straight line in the horizontal plane following a desired 

trajectory 

.X,t 

y,1 = 

ir/3 

(H>sition of its 1·c·nfrr of mass in meters (m). and t denotes the time variable in 

St'rnnds (s). Th,· oLjt•ct. initially starts at (0.6.(0.6/v'3) - 0.2.1r/3 - O.l)T. that 

is ( 0.1 m. 0.1 m. 0.1 rad. ) T off its ,lcsirecl initial position. The load distribution 

matrix is repn~st'.Utt>,l by ,"t(t): 

0.5 0 0 

0 0.5 0 

0 0 0.5 

Tiu: clesin-·d internal f~,rn~s arc /J1 = - /Jz = -10 N acting on the line connecting 

tllt' two encl-dfoc-t.ors. It is worth mentioning that it is important to consider desired 

intt·rnal forces that art' proportional to the dynamical parameters of the payload and 

the manipnlatur wrists. In onr Ca!-ie. we arc mrnlding these dynamical parameters 
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as the stiffness k.:. In most practical cases. it is very uncommon to have systems 

where a high stiffness is couple,l with low desired internal forces. If this does indeed 

occnr. it may easily leacl to instability in the control system since a small error in 

the e111l-t•tft'ct.ors positions results in a V<~ry large error in the internal forces. The 

unstrudnrcd nnct•rta.inty a.ucl Pxternal ,listurbance term Tii, ·s are provided by 

wht•rt~ n is a. pa.ramdt•r in R. aucl 

Fr(,jd = 
(J.l:j 

() 

t) 

l) 

O.llG 

0 

l) 'Ji• t.= l.:!: p(t)= 

lJ.015 

0.1 

0.1 

0.05 

(3.16) 

( 3.17) 

0.2 

sin( l0t ): ..\ = 0.1 

0.1 

Tiu~ tt>rm Fr( ,j1 ) c·orn·sponcls to the mu(leling uncertainty associated to the fridion 

at tht~ joints. whl'n~as the terms ,,(t) ancl .,\. c.:orrcspon,l to time-varying and constant 

t·xternal (listurbanr,~s. n·spectivdy. 

Table 3.1: Values of the Object ·s Physical Parameters. 
Object parameter Value 
m. - mass 11.2 kg 
d - lt·ngth 0.24 m 
I.. - moment of inertia /2 rn d2 

k,: - stiffness 300 N / m 

Tht" followin~ art' thr matrices use<l in th<' manipulators dynamics and kinemat-
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Table 3.2: Values of the manipulatl)rs Physical Parameters. 
Manipulator\; parameter Value 
lj. j = 1. 2. 3 - rotational inertia of link j [ 1 = 1.1 kg·m2

. / 2 = 0.3 kg·m2
. 

mj. j = 1. 2. 3 - mass of link j 
/3 = 0.01 kg-m2 

mi = 30 kg. m; = 15 kg. 
m3 = 5 kg 

[col. - rutatinnal inertia uf the inner 
missinn <·olnmn fr>r joint 2 

trans- /col. = 0.57 k~•m2 

[ 1 ancl /"1 - ll'ngths of links 1 and 2 
r2 - ,listann· uf the n~nter of mass of link 2 
from the axis of joint 2 
VVj. j = 1. 2. 3 - viscous friction coefficients 
VSJ. j = l. 2. 3 - Conlumb friction cudfi-

lCS. 

J/i( '/i) = h cos( '/i2 - '/il) 

l) 

0 

l1 = 0.-125 m. l2 = 0.375 m 
r2 = 0.165 Ill 

W . - l 'J 
] - ·-

VS;= 0.01 

VS 1 sign( <ii1) 

VS 3 sign ( ,jiJ) 

0 

0 

The pusit.iun aw I the orientation of cnll-dfoctur Ei are given by the following for-
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warcl ki1wma.tics equations 

Yi,· 

,,/,. 
lJ It' '/il + <Ji2 

Tlw iuverst~ ki1wmatics is given by 

'/11 

xk , Yi~ - 1 - :? 

( 
:? -l- • :? [2 12) 

= '/11 - arc cos . l l 
2 l :? 

'/13 

'/'21 

'/'J.J 

Iu fact.. 1101w uf the nmtrullt·rs usecl in this thesis make use of the robots inverse 

kinematics as all tht~ manipulators involw~<l arc controlled through computed-torque 

type of tt~chniques. lnvt~rsc kinematics is only used here to determine the initial joint 

coordinates of the manipulators from the initial position of the objcd. In a practical 

situation. the joint rrnmlinatcs a.re n·ad directly from the encoders mounted at each 

joint. 



Chapter 4 

Standard Control Approaches and 

Their Limitations 

4.1 Introduction 

Nunlitlt'ar c·ontrnl tt-chniqut>s have dominated. fur a number of ypars. the lifrratun· 

un the control stratq~i('s as applied to coopcrativ(~ robots. This is mainly muti vatecl 

by the highly nunlinear awl complex structure of robotic manipulators dynamics. 

The control techniqm~s uf l'.uoperativc rohotic manipulators proposed in the last 

several years have gt~llt~rally bdonge,l to either one of two eategories: non-adaptive 

and adaptive appn,a.dws. The rest of this chapter is devoted to the detailed dis­

cussion of these two <·lasses of c.ontrol strategies from a robotics perspective. Their 

features a11<l limitations are also highlighted. This is important in assessing their 

abilities awl sug~t•sting rt.·meclit•s. 

47 
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4.2 Non-Adaptive Strategies 
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Tllt're a.re tlm·t• classt•s of cunvcntiunal nonlinear contrnl techniques discussed in 

the litnature: grzin-.-.:chcduling. J,,cdback linmri::at-ion. and robu~t control. Gain­

scheduling is bas(•<l un the i,lca of formulating a linear time-invariant approximation 

to the plant ,lynamic:s and then cl,·sigu a linear controller for each pre-ckterminecl 

liucarizccl plant cnrrespuuding tu a set uf operating points in the system operation 

space [98\. The cumpensatur parameters eurrcspo11tling to the plants operating at 

tlw opt•rating points lying bdwet•n tl1t· pn~-ddinecl ones arc sd1ccluled through an 

interpolation pnw,·clure. lnspitt• of its simpl,~ concept ancl successful performance in 

a nnmlwr of applic·a.tiuns. ga.in-sd1<•clulini-r, suffers from several crucial shortcomings. 

A major clrawback is tlu~ lack uf strun~ tlworetical procedures to guarantee staLility 

when it is appli(~1l tu nonlinear systems. In aclclition. gain-sche<luling. usually, 

results iu a high n,mpntatiunal bnrd,·n clue tu the necessity for computing the 

parameters of a larg,· number l>f linear controllt>rs. This problem becomes even more 

serious for highly tttmlincar complex sysfrms. These issues are c:ertainly among the 

main n~a:;ons why µ;ain-sche1lulinµ; is not c·ommonly usecl in the c:ontrol of complex 

robotic structures. 

Unlike ga.in-sdw,luling. feedback linearization and robust control have been the 

subject nf intt•nsiv,· research in the field of robotic control over several years now. 

The following is a µ;<·neral uvervicw uf these twu techniques in the context of robotic 

control. 
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The main idea uf the fceclback linearization technique is to transform an original 

nonlinear mo<it-1 uf a c·ertain systt~m intu an t~qnivalent linear mocld uf a simpler 

form by ·canceling· the nonlinearities in tl1t~ nriginal model ancl imposing a desirc,l 

linear n~latit,n instt>a.,l. This is achiev<'d by intru,lncing a nonlinL'ar control law that 

linearizes the nonlinear system ·s modt'l after pt•rforming an appropriate change in 

the state spacP coorclinatf's. 

Although several fe~dback linearization methGcls havP been proposed in the lifrr­

aturc for tl1t~ cnntrol of Cl)opt•ratiw~ manipulaturs. the vast majority of them aclopt 

a centra.lizt•cl cnntn,l sdtt·mt' lG. 3!:>. g!j. 111. 112]. As we ,liscnssf'cl in Section 3.2. 

dcceutralizc~d cnntrol schemes a.re ge1wrally aclvautageous to c·entralizc1l sdwnws. 

especia.lly when ,kaling with large-scale t·nmplex systc>ms. Hence. and to be nmsis­

tent with the 1·ontrol techniques that a.ti' 1lisn1sse1l in later chapters. a 1le(·cntralizcd 

feedback linearization algorithm is acloptt•tl lll'tc'. In this section. we discuss the t~X­

tension l)f the foe<lback linearization tu cuopcrativc rnboti1· systems rather than to 

single robotic manipulat.urs. \Ve also furmnlatt- the nt·n·ssary control laws in the 

task spare rat.lwr than in t.lu~ joint spa<'<' ,L-; it has ht't'Il common in a number of 

studies. 

The ,lynamics of a robot i interacting with otlwr robots to manipulate a common 

object is given by 

where· Ti ic R k, clenotes the juint torqm· forn· applic(l by the actuators on the ith 
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manipulator. Ddq1 ) E Rk,~k, is the positive clefinite inertial matrix. C(qi,,ji) E 

Rk,xk, is the Coriolis and centrifugal matrix. Gi('/d '-= R_k, r~prcsents the vector of 

gravitational forces . .Jr:>,(qd e iR_ko:<k, is the .Jacobian matrix from the object\; center 

of mass to '/i • Ji ~ R ko is the internal force clynamically coupling the object with 

the end-effector of robot i. awl r,1, ~ !R_k, repn~scnts the unstructured disturbr,nce 

vector due to unlllodded friction forces and uther nnknuwn ancl varying factors. 

Note that equation (--1.1) has already been dt~rivcd in Section 3.-t aud is the same 

as equation ( 3.12). Recall from Chapter 3 that ki and k0 denote the clebrrees of 

freedom of the ith manipula.tur and l)f the payload. n·spec-tivdy. In such a cast~. 

the feedback control law Ti which is co he feel as tlw input tu the ith manipulator 

can be set as 

with t'i as a new t'Xkrnal input to the control syst<'m of manipulator L. It is 

easy to wrify that c:umpntc,l torque ( 4.2) lin,·arizt•s aIHl dPcoupk·s the ,lynamics 

equation (-t. l ). and b1ds to 

Since one of the main control goals is to track a cf'rtain pre-specified trajectory uf 

the payload. it wonlcl be more convenient to rf'write the feedback control law ( 4.2) 

in the task space rathPr than in the joint spact'. The kinematic equation ( 3.3) 

implies that qi can be written as 

( 4.3) 
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where x E !R~ is the payload ·s acceleration ancl .It. ( qi) 1s the pseudo-inverse of 

.1,:,. ( qi). That is. 

Now. substituting equation (-l.3) into the llynamics equation ( 4.1) yidlls 

By observing equation ( 4.-1 ). it is easy to notice that hy choosing a f«•t•,lback control 

law 'i of the form 

Tj = Ddqi).Jt,(qi)vi + [C.(,/i•'ii) - Di(qi).l,t,(,1d.i.,;,.(tJi)],ii + Gd 11d 

- .!J. ( qd Ii - T<1, (-Uj) 

the dynamics equation (-IA) becomes folly linearized ancl clcnmpbl ancl lt~acls to 

( •t.6) 

It is dear from equation ( 4.6) that for m manipulators. all the t!Xt<'rnal inputs Vj. 

i = 1. .... m. are itlentical. Let v h«? Oilt' common external control input. for all rn 

manipulators. That is. 

v = t'i = i = r - KP.r - K.r.r.. for i = 1. .... m.. (-l.7) 

where r ~ R_ko is a reference input diaractcrizecl by the payloacl"s clcsircrt trajcdory. 

and KP E JRkoxko and Kd ~ JR.koxko a.re e.lia~onal matrices n·pn~senting proportional 

awl clerivative gains. respectivdy. Having ,lecided on th<· charactt~ristics of the 

payload's trajectory. i.e .. rJ . .X,I. awl i-.,. t.lu-~ reference input r ~an then be chosen 
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as 

(-t.8) 

Sn bstituting equations l-l .6) and (-t.8) into equation (-t. i) lt>a,ls to the following 

cliffcrcntial equation describing the load trajectory· s tracking <>rror 

with i = x-~d being the manipulated object trajectory·s tracking error. Again. KP 

an<l K1 are ideally govern<',! by the payload·s natural fr,!rpiency WJ in the payload·s 

jth ,legree of free,lom as 

Tht> ,lt~centralizc,l feedback linearizatiun control sd1t~me t 1 Xprc·sst'cl in the task space 

is schematically ,lt>pictecl in fi~tm• -L 1 . 

Rc!cn-no.:ie 
lnpul 

r •. r •. r.1 ----._ 

____ ),, '-i 

'y' 

.._om1n;ill~l.1nc;a1 

Inner ll•,P 

I: 

Figure -tl: Decentralized Ft'e,lback Linearization Control uf Manipulator ·i. 
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4.2.2 Robustness Issues in Feedback Linearization 

As it can be seen from f'quations (-1.-l) and (-t.5). the fecclhack linearization mdho<l 

is tightly dependent on the dynamic mo<ld of the robotic: system aucl l>H tilt' per­

fect knowledge of its parameters. Tht•se conditions a.re not easy to satisfy for all 

robotic systems due to the ubiquitous presence of parauwtric an(l mtHleling uncPr­

tainties in their structures. especially the dynamically complex ones. In a(l<lition. 

the inevitable external disturbances and the noisy measurements provitlecl by the 

<lifferent types of sensors are other sourn·s of unstrudurerl unct>rtaintics that may 

lw very clifficult to mrnld. As a result. the ntmliIH~ar terms of tlw manipulators 

dynamics equations are not pcrfertly cant·t•llctl by t.he feedback nmtrol law. lkw·t>. 

the presumably linear inner loop ( figurP -t. l) is practically still nnnlinPar ancl t.ht• 

joints of the manipulators are actually not (lecouplt·,l as it was assnmt~d in Set·­

tion 4.2.1. In l)tlwr words. the dynamics uncertaiutit'S might lec:vl to t.ht• violation 

of two essential constraints \m which the feedback linearization t.,·chnictt1t' is base,l: 

the linearity of the innt~r control loop. ancl the ,lt•coupling of t.lw manipnlat.urs • 

joints. 

Ld us rewritt~ the ,lynamics equation of manipulator i ( equation (-l.-l)) as 

(4.9) 

with 

Hit,1d = Di(qi).J:, (qi) 

hi(,Zi.,j.) = [C(qi. 1id - Ddqi)./:.(<Ji)/r,,(qi)],ji + Gdqd - .Jl,( 11dli - T.t,· 

In a real-lift• rnbotit: system. only approximations of Hd qi) ancl hi( '/i· ,jd might be 
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available. Let Hdqi) and hi(qi.,ji) be the t~stimaterl values of Hi(qi) anti hi(qi.qi). 

rPspectivdy. Therefore. the feedback control law (-1.5) may only bt• r•xpressed in 

terms of those approximation values as 

lt-j = Hdqdv + hi('li• ,ji). (·LIO) 

Equating f•qnations (4.9) ancl (4.10) yidcls 

i = Hi- 1(,1dHi(qi)v + Hi- 1(,Ji]hi(qi.,ji) = v +Ev+ Hi- 1(qi)iii(qi.,ji). 

where 

i1i( '/i. ,ji) = h, ( '/i. ,ji} - hi ( '/i. ,jd : £ = Hi- l ( qi) Hi( qd - f. 

ancl l is an identity matrix with a proper dimension. St>tting t' as <ldined by 

f'quations (-l. i) aml ( -l.8) leads to 

i + K)· + Kvi = ,,. (4.11) 

wht'rt' TJ is known as the uncerlainty term. an,l is given hy 

,, = Et. 1 ~ H,- 1(qdhi('/i•'id = E(ic1 - K,1i- - Kpi) + Hi-
1 (qdi1i(tJ-j.tji). (4.12) 

It is dear from equation ( 4.11) that the nonzero nonlint~ar 1mcertainty term '1· not 

only has a negative effect on the tracking performance of tht~ t:ontrol system. hut 

it may also induce instability. It might seem. from equation (-l.11 ). that increasing 

the nmtrul gains. KP and Kd. would enhance the control system ·s stability. however 

this is not true ~ equation ( 4.12) dearly shows that increasing thost' gains leads 

to the iucrf'asf' of the uncertainty term ,7 as WPll. 

Tu 1.wcrcume the negative effects of the unc,~rtainty in the feeclbal·k liuearization 
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algorithm. several robust control techniques have been proposed in the literature. 

One of these techniques. for instance. is to introdun! an integration gain in the 

linear l~ontroller [15. 39. 80. 13-t l. One of the major problems with this techniqnt! is 

that the value of the integration gain is very critical awl is. again. ckpendeut on 

the amount of uncertainty in the system. A small valm· of this gain may not be 

sufficient enough to overcome the uncertainty effect un the tra,~king ability of the 

control system. whereas a large value may easily clrive th,"! system to instability. 

Another robust tracking approach that has been also ust!tl along with the fet~dback 

linearizatinn of robotic manipulators is to use a variable strndurc controllt•r instead 

of a the litlt'ar PIO controller. snch as in [6]. Howt•ver. tlu· rubnstuess of such a 

controller iu the face of clifferent typt•s of uncertainties still has not bt•t~n furmally 

proven. 

Another major shortrnming cJf the feedback linearizat.ion technique when applic·d 

to c:uopc.~rative robots is that it has a very poor control on the internal forct~s. 

As a matter of fact. none of the nmtrol laws ,liscussed iu Section -1.2.1 involvc's 

the internal forces. Adopting such a control strat.q.~y implieitly implies that tlw 

internal forces are assumccl to he indiredly controllecl through the position control 

hoping that a bounded position error implies a boun<led internal force aror [6]. 

This strategy is obviously inefficient as a small position tracking error may be 

translate1l into a hi~h internal forec error which may cause a serious damage tu 

the manipulated object a.ntl tu the manipulators wrists. An attempt to alleviate 

this problem has been proposed in [112]. The sugp;estecl tc-~chnique is base1l on a 

fec1lback liuearization that nses a weighted sum of the position an<l the internal 
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forces instead of just the payload·s position. As one may expect. this means that 

the controller has to sacrifice position tracking precision to that of the internal 

forces. Besiclcs. the performance of the designed controller is very clepenclent to the 

type of task that is to be accomplished by the multi-robot system. In aclclition such 

a performance has not been studied in the prPsence of any kin<l of uncertainties. 

4.2.3 Results and Practical Limitations 

In order to assess the performance of the feedback lincarization control algorithm 

when appliecl to cooperative manipulators along with a PD controller as a roLus­

tif yinµ; controller at the outer rnntrol loop. two experiments are c:arriecl uut on the 

mocld tlcscribed in Scdion 3.5. Since it is a common practice to use PD controllers 

with step inputs. the desired trajectory of the payload·s center of mass is dividccl 

into 10 cqually-spacP-cl step-segments. The ,lcsired trajectory of the payload·s orien­

tation is not fragmented thuugh as the payload is supposed to maintain a constant 

oril·ntation thronghont tht~ entire trajectory. The PD controllers used for the two 

manipulators are identical with 

Wj = 3.6. for j = 1. .... 3. 

In the first experiment. the manipulators clynamics are assumed to be perfectly 

known. In other words. the uncertainty term. TJ is assumed to be zero. The tracking 

performance of the resulting rnntroller and the computed torqm-~s of the joints of 

the two manipulators arc shown in figures 4.2 and 4.3. respectively. The tracking 

errors of the position of tht~ payload·s center of mass converge to zero after each 
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excitation cycle. The tracking performance of the payload·s orientation also decays 

to zero. However. it is dear that even in the case of a perfoct knowledge of the 

system ·s clynamic.s. tlw c:ontroller becomes increasingly inappropriate for tracking 

the internal forces. 

In the second experiment. modeling uncertainties are intro<lucec.l. Tlu~ matrices 

D,(qi). (\(qi. ,;i). anc.l Gi(qi). which are the estimates of Di(q.). Ci(qi. rid- and Gi(qi). 

respectively. are assumed to have 101 % of their nominal values. In other words. 

The tracking pt•rfurmanct> uf the controller ancl the computed torqut's of the joints 

of the two ma.nipnlatDrs are shown in figures -l.4 and -l.5. respcdivdy. Figun~ -1..1 

shows that the rnntroller • s traeking errors slowly inerease after each excitation cyde 

until it bcmnws unstable towards the t~n<l of the trajectory. 

It can be not.in·,l from figures -1.2 and 4.-l that in the case of a stablP cnntrollcr 

the position trackinµ; t•rrors jump to certain peaks at the beginning of each exci­

tation cyde as the stf'p reference input of the object's center of mass is just an 

approximation nf the smooth clesirccl trajectory. A closer approximation of tlw de­

sired trajectory requires a large number of step-excitations with shorter excitation 

periocis. This means that higher gains arc to be used to bring the control response 

to its steady-stat" value before the beginning of the next excitation cyde as it is 

the case in [112]. for instance. However. it is important to point out that the use of 

high gains in nmtrnl might be risky in real-life situations as they tend to magnify 

the existing parametric and modeling uncertainties as well as noist-~ coming from 
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the different sensors used by the robots. such as force sensors1 for instance. This 

may increase the internal force tracking error even fluther. 

The obtained results confirm that feedback linearizatiou is certainly inadequate 

fur the control of cooperative manipulators. Not only does it lack the potential to 

track. both. the payload·s position/orientation and the internal forces. simultane­

ously. but it also has a severe sensitivity to dynamics uncertainties. 

1 It is commonly known that the force reading::- provided by the force sensor:,; ari• ,•xtremdy 
noisy. 
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Figure -1.2: Tracking Performance of the Feedback Linearization-Based Controller 
Assuming Perfect Knowledge of tlu~ Robots Dynamics (No Uncertainties.) 
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Figure -l.3: Computed Torcp1es of the Feedback Linearization-Based Controller As­
suming Perfect Knuwlt-•<lgt~ of the Robots Dynamics ( No Uncertainties.) 
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Figure -1.-1: Tracking Performance of the Feedback Linearization-Base<l Controller 
in the Presence of Uncertainties. 
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Figure -1.5: Computed Torques l>f the Feedback Linearization-Based Controller in 
the Presr·nct> of U nc.:crtainties. 
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4.3 Adaptive Approach 
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In gPncral. must non-adaptive control techniques assmne perfect. or almost perfect 

knowlc(lge of th,~ system to control [75. 76.1--12.1--13]. Such an assumption is obviously 

unrealistic: in a large numher of t:ases especially in those where the plant"s dynamics 

is <tnitc rnmplcx and where the parameters arc time-varying. In addition. mocleling 

mwerta.int.ies may have a dramatic dfect on such control techniques as they may 

even inclucc instability in some cases. To overcome the problem of parameter un­

certainties (also callecl mlHlde<l or structured uncertainties). adaptive control was 

intrudnn•cl. The main idea uf an adaptive controller is t.u maintain a certain consis­

tt·nt 1wrformancc of tlw rnntrol system in the face of unknown time-varying plant 

paranwtt'rs. This goal is gt'nc'rally adtit>verl through a continuous online adaptation 

algorithm that tries to re,lucc the modeled uncertainties by continuously t~stimat­

ing the paramders of the plant ·s ,lynamics. Adaptive control sysfrms arc usually 

dassiticcl acnmling to two main criteria: 

l. Tiu• first critc•riun is based on whether the controller·s parameters arc tuned 

,lin~dly or in,lircdly. 

·> The- s,~concl criterion is hasecl on whether the control system is provideri with 

a ref ert?nce mndd or not. 

I3aserl on this. several adaptive controllers have been suggested in the literature 

with varying ,lt·grees of implementation success. For an excellent review on these 

tedmi<pll's. one may consult [5. 32]. 
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Unlike non-aclaptive control (lesign. constructing an adaptive controller can be quite 

,·1)mplicatcd and involverl. In a,laptivc control. the plant parameters are unknown 

an1l an adaptation law has to he clerivc<l to update the controller parameters. Al­

t.lwugh tlwrc is no systt>matic way for designing a generic adaptive controller as it 

dt:pcnds 011 the type of control system in hand. adaptive controllers design generally 

rc<p1ire three key steps: 

• dccidin~ on a nmtrul law iuvulving the system ·s acljnst.alilc pm·ameters. 

• deriving an a<laptatiuu law for tuning those parameters. and 

• analyzing tilt' st.al,ility and tlw convergence propertit•s ,if tlw obtai1lf'1l control 

system. 

\Vhen. for instance. mudd-n-fcn·111-e adaptive cuntrol [5.32] (MRAC) systems simi­

lar tu t.l1t• 1Hw shown in fi.J.;nn· -LG arc nse,L the three steps arc nsually accomplished 

using an appropriatt• Lyarunu•• function awl by t•xtracting the necessary condi­

tions for insuring the system ·s stability. We continue using this type of adaptive 

nmtrolkr for the remaining part vf the chapter. 

4.3.2 Adaptive Control of CR 

Adaptive control of <'.uuperatiw manipulators still st.ands as one of the most chal­

lenging problems in the area uf ruLotics research clue to the high complexity of the 

dynamics of the dosefl-chain robotic systems. Over the years. several researchers 

havP used different approaches to tackle this problem [4i. i0. 84.105.125.126. 139]. 
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Most of tlw hyhricl position/force controllers 1liscussecl in the literature divide the 

robots working spac«~ into two orthogonal subspaces in which position antl force are 

independently rnntrulle<l as they happen to be in the null space of each other. Al­

though the snl,spaces orthogonality exists in a number of applications. it is not the 

case for strongly couplerl multiple manipulator systems. and as such. the developed 

techniques ht•conH~ inapplicable. A promising tcdrniqnc has bet!n rccc'.ntly proposed 

in [ill}. It rnnsists of a clecentralized a,laptivc controller which is relatively inex­

pensive in terms of computational resources requirements and does not require the 

orthogonality condition of the end-effectors position and force subspaces. This is 

because each robot. operates independently of the others saving the communication 

time overhead. The nmtroller also provides stable adaptive tracking of the intr>rnal 

f1.>rces ancl the payloacl·s position with fast convergence rates and without the need 

for 1leconpling tht• force and the position variables. This conventional adaptive 

controller ( C AC) will be utilized later in this thesis for the design of two types of 
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intdligt'nt l~ontrollr-rs and also as a benchmark to compare its performance to that 

of the intdligent mntrollt•rs. What follows is a brief description of the CAC based 

on tht! work <kscribe(l in [iO]. 

Tl1t· refrreneejoint vdocity (also called nominal reference) of robot i. i = 1. .... m. 

is ,ldine(l by 

( 4.13) 

where 

;a 1s a positivr· c·lmstant . .l\J. is tlw clt•sire,l position of the object. ancl .r. 1s the 

c·orresponcling posit.i,m t'rrnr. 

The pS('ncl,>-invPrst' uf the .Jacobian matrix .l.p, (qd only exists if robot i is not at a 

singularity position. In otht>r wor,ls . .I,;. ( '/i) exists if rank [./<P, ('Ii)] = k0 . 

Assumption 4.3.1 At c11t'r_11 m:-t,mt nf tLmc 

rank(.l.p,(qd] = k0 • i = I. .... m. (4.14) 

Notice huw the nominal refon,nce ,jr, «lepcwls solely on the information that is 

locally available at manipulator i and docs not require any information from the 

other manipulators. Differentiatin~ equation (-l.13) with respect to time yields 

(4.15) 
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A resilhtal t:rn,r to the reference joint velocity q,., is then defined as 

So. tltt~ control law of robut i can be• dcvdoped as 
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(4.16) 

ancl T.J,, respectively: K., and K; are positive definite gain matrices. and /d, is the 

,ksin·,l internal forec t'Xerte,l un the ith manipulator. Note that 

Basccl uu equation ( 3.15 ). tlw cuntrollcr equation ( 4.17) rnn be reformulated as 

follows 

(4.19) 

whnc• 

. . . 
r·:( q;. ,ji. ,j,.,. •J,.,. <\(t)) ip; = Di( qi)q,., + Ci( 'li. 1zi)q,., + Gi( qi). (4.20) 

an,l 'Pi 1s the time-varying estimate of 'r'i· The estimation vector ip, is regularly 

upclatt·d at a p;iven frequency which can either be greater than or equal to the 

actuators frequf'ncy. The adaptation is controlled by the following adaptive law 

when· r, ~ iR.k.-, ,k,,, is a pnsitiv,· ,!t·finitc gain matrix. The block diagram of the 

CA C is shllwn in figure -1. 7. 
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It nm lw dearly set•n from the control law (-l.1!)) that the control of each ma­

nipnlatur ,lepen,ls on information that is lorn.l to that particular manipulator. No 

iuformatiun exrhan~P. is n·quin•1l to ur frum the other robots. Each robot main­

tains its l,wn physical paramt'ters l'Stimation and computt>s the object ·s kinematics 

throuµ;h its own kinematics t~qnations t3.1). (3.2). and (3.3). In addition. the con­

troller uses a feedforwar1l uf the dt.•sired internal force /d, avoiding auy force feedback 

that requir•~s L·ommunication with the other manipulators. 

Theorem 4.3.1 If ft1, ·~C TJ, - r,1, = 0. and the gain K!I, i . .;; properly chosen. for 

i = l ..... m. then the control law ( 4 .19) guarantees an exponentially asymptotic 

,·onutirgnu.T of i to ::ero. mu! only bring~ the internal force error i to an exponential 

,·om 1t:rgn1n- to urithiri the Pfrimty of :;ero. 
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More <letails un thmrem -l.3.1. as well as its proof. can be found in [70]. Although 

the pruuf ,luP:-i nut takt~ iutu account unstrud1ued uncertainties and external dis­

turbances. its t~xtension to cuvt•r this case nuder the control law defined in ( -l.19) 

should l,e straiµ;ht furw,u-cl. It is very importm1t to notice that a key condition for 

tiu~ satisfaction uf t}lt'orcm -1.3. l is the existence of no external disturbance and 

moddin~ uncertainties estimation errur (i.e .. TJ
1 

= 0). [n a practical working en­

virunnlt'nt. this nmditiun is almost impossible to satisfy for a complex dynamical 

system such as a closecl-cha.in manipulator system. In such systems. external distur­

bann·s au(l mudding mu:ertaintit•s may have a significant impact on the contrnller·s 

pt ·rf,,rmann· anc l 1•vcn lHl its stability. This shows the importance of taking into 

nmsi«lt'ratiuu the t•xistenn~ uf tht'st> 11IW<'rta.inties in the controller design process. 

au a .. -;pt•d which is tacklccl iu the Ilt~Xt drnpters. 

4.3.3 Results and Discussion 

In ur,lt•r tu t•valnak tlw pt'rfonwuH"<' uf the CAC. two cxperim<1nt.s arc carried 

unt uu tlu~ coupt•ra.tive manipulatur system described in Section 3.5. In each one 

uf tht>Ill. tlw ubjt~d mass is consiclerecl as the only parametric uncertainty of the 

CAC. This implicitly implies that the object"s inertia represents another parametric 

uncnt.ainty ( sec~ table 3.1.) The initial value of <{Ji, i = 1. 2. is chosen to be zero. 

Tlw tirst experiment is meant tu test the validity of the CAC in the case where 

tlw systt•m ·s ilynamics has no 1mstruct11red uncertainties or external disturbances 

(i.t> .. rr is set tu zeru in t'qnations (3.lG) an<l (3.17).) In other worcls. the model is 

a .. -;sumt·cl tu lw sn bject to paramdrie uncertainties only. The controller ·s tracking 
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performance arnl tlw resultin~ computed torques t.>f tht~ two manipulators are shown 

in figures -LS and -UL respectivt•ly. The C AC shows satisfactory performance in 

this ca.-;t' as all the traL·kinv; t•rrors converge to zero after a fow adaptation cycles. 

It is Wl)rth pointing lHlt that in this case. both trac.~king errors of the payload·s 

pt.)sitilm;,,rit•ntation a.ncl uf the infrrnal forces <·onwrge to zero. In adclition. it is 

impurtaut to mt'ntion that by comparing figures -U) and 4.3 we notice that the CAC 

achit•v,·d this satisf,wtory trackiu~ with less control dforts than those generated by 

the f,•,•1lha,·k lirn·arizat.iun nmtrnller and this is true for all the six joints. As such. 

tilt' C :-\C has alrl'a,ly shuwn its snp•·riority to tlw foe<lhack linea.rizatiun controller 

in this ,·unt,·xt. 

A st•,·ond t'Xpt'riutt·nt is ca.rril'rl unt to stn<ly the tracking behavior of the C AC in 

tht' fact> uf pa.ranwtric awl nin<ldin~ uncertainties. For this purpose. an unmocldccl 

,·xtcrnal {listnrhance term is a,l,lc<l to th,• manipulators clynamics in addition to the 

payh,ad ·s mass tllll'<'rta.inty uf t.h,, first ,~xp~riment. This is achieved by setting n 

t'<ptal tu 1 in ,•cp1ations ( 3. lG) awl ( 3.1 i). The cm1tru1lt'.r ·s tracking performance arnl 

th,· n·snlt.ing ,·umputcd tur,p1,·s an· provided in figures -t 10 and -l. ll. respectively. 

Tlw wsnlts c·l, •,uly slww huw llll)« klin~ uncertainties lead to a severe degradation 

in t ht> cuntrnlkr • s tra.ckinµ; ability as none of the tracking errors converge to iero 

this timt'. In fact. this kincl uf behavior is expected from ,~onventional a(laptive 

rnntrull,·rs in g,•nt•ral as t h,·y are originally ,lesigncd tu compensate for parametric 

nw·nt.aintil's unly. Tn tackl,~ this issue. a new dass of controllers has to be designed. 
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Figure -1.8: Tracking Pt-rformance of th~ CAC in the Presence of Parametric Un­
Ct"'rta.inties Only ( n = II.) 
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Figun~ -l.D: Ct)tnputed Tlmp1es li~ing tlw CAC in the Presence of Parametric Un­
certa.inti,·s Only ( n = 0.) 
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Figure -l.10: Tracking Pcrfurmann· uf tlw CAC in the Presence of Parametric and 
Modeling U nn~rtaintiPs ( n: = 1.) 
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Figme -1.11: Computerl Torcpws Using the CAC in the Presence of Parametric and 
M0tlding Uncertainties ( n = 1.) 
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Most mnvcntional non-adaptive n:mtrul sd1eu1<'s fur the coonlinate<l control of mul­

tiple manipulator systt•ms. usually assume a full knowledge of the system ·s <lynam­

ics [i5. 76. l-t2.1-t3]. This is an unrealistk assumption in most cases since these com­

plex systt>ms an· usually snhjed to tlw ubiquitous presence of uncertainties. As it 

is shown in this dmpter. thest· uncertainties may have a dramatic effect on the con­

troller's performance and may even induce instability. To deal with such nnc:ertain­

ties. st•wral aclaptiv«' ct1ntrul schenws Wt~rc prupos<'d [·l i. 70.S.i. l 04.105.125.126.13n]. 

These a<la.ptivc runtn,I algorithms approximatP the system ·s clynamics using a nm­

tinuous nnlint' c•stimatiuu uf a sd. ,,r the planfs physiea.l parameters through w,~ll­

<icfincrl adaptation laws. For it to pruvicle a satisfactory performanct'. a typical 

adaptive c:untrol al~orithm assumes that the <lyna.mic mocld is perfectly known and 

freP of significant t~xtcrnal ( uumoclc•bl) clisturbaucl'S. In other words. the controller 

is only robust to p.uametric. ur strud.nrccl (also c·allecl mo<lded) uncertainties aU<l 

to minor nustrudun·tl nun•rtaintics. It is also important tu point out that the 

majority of the wurk un nmveutional adaptive controllers ignores the effect of un­

structured nncertaiuti,·s all!l extc~rna.l ,listurbann•s on the controller's performance 

and its stability . .Moclding imperfoction l)f complex systems. such as closecl-chain 

robotic manipulators. is irn•vitable in most cases. This is illustrated in this chapter 

by the ch•gracling tracking pcrformaun~ of the CAC when modeling uncertainties 

are introrlun•cl. This makes the clevdopment of a robust control approach for the 

increasingly complt•x 1'l>upna.tive manipulator systems a necessary step to keep up 

with the increasingly clemanclin~ clesign requirt'ments of such systems. 



Chapter 5 

Soft Computing Based Controllers 

5.1 Introduction 

The common point sha.re,l by stan,la.rd rnmputed-torquc control algorithms (a<lap­

tiv~ or non-a<laptivc) mwtl in the difff'rent mo«lnlcs of rnopcrntiv<· robots is their 

requirement for a prt~<·isc· mmlcl of the system. In real life~. however. cooperative 

robots may have V<'.ry complt'X st.rnctnrcs. an,l hc•ncc~. ,kriving a precise modd for 

the system might become very difficult. an,l even impossible. at times. In a(l<lition. 

it is usually a tediom; process to approximate thl' values of the model parameters. 

especially when such values a.re continuously varying. This is mainly ,luc to the 

uhi<tnitous presence of uncertainty in the robots c•nvironment. which is usually very 

,lifficult to precisely modc,l or <tnantify. [n fact. one of the main challenges of to,lay\; 

robotic research is to build reliable awl rohnst robots that arc able to achieve with 

as much antonumy as possible their goals reganllcss uf the ,lynamical complexities 

and environmental 1mn·rta.intics. Fuzzy control. ancl sl)ft computing tools m gen-

76 
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cral. have been creclitcd in a number of applications to orovicle robust controllers 

by tolerating large amounts of noise in the input signals. and non-precise models of 

the systems with possibly time-varying parameters. In partic:ular. fuzzy controllers 

have been efficiently apvlicd in the fidcl of robotics where 

• a prec-i:;e mathematic,J model is either hard or impossible to form. 

• sensor data is noisy. and the parameters of the system are rnntinuo11sly vary­

ing. and 

• n·al-tinw opt•ration is a major recp1in•mt_•nt. 

Fuzzy controllers are regarde,l as genenc cuutwllers in the sense that thanks to 

tht~ir qualitative nature. they can he transforn·,l from one platform to another 

with minor modifications. 'When appliecl to robotic ~ystems. fur.zy controllt~rs lead 

to a smooth movement behavior of the robots. arnl to high imwnsitivity to ,~rrors 

and find nations in the sensors <lata. In act.lit ion. rcn~nt tcdmolo~ical ,levdopments 

made it possible for fuzzy controllers to be an integral part of the systcm·s hardware 

by embedding them in dedicated micro-chips. 

But until recently. tools of soft rnmputing have been mainly applied to mobile 

cooperative robots [87. 99. 103. 116.119. 123]. ancl only a few researchers have ad­

dn.'ssetl their applications to base-fixed rnopcrativc robot manipula.turs [35. 36. 46. 

135). The task is relatively more straightforwarcl in the case of mobile cooperative 

robots as the whole problem boils cl,.)Wll to finding an obstacle-free path but it is 

much more involved when (lealing with base-fixed CR systems. From this chapter 

onward. we restrict our focus nf soft computin~ tools to those ,lealing with fuzzy 
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logic based systems in tackling a Lertain dass of rnntrol problems. 

5.2 Fuzzy Logic Controllers 

A wicle range of systems featuring compk·xitics awl imprecisions have lH'en well 

understood ancl sucrcssfully addressed by humans without the neecl for w,·ll tldinccl 

mathematical moclels. In fact humans have learned tu make decisions t•ven in tltt~ 

absence of dt!arly clefine<l processes. This is carried out basecl on cxpertis<' ancl 

gen,·ral knowledge arquin~tl about the system ur its alikt>. Some of huma11s • actions 

can be acenmplislwcl v,·ry dfodivdy using a wdl-structurecl sd of if-th,•n rnl,~s 

they havt~ devdop,·cl implicitly over y,•ars of knuwledgt~ ancl expcm·nn~. Fnzzy 

set theory ( l-18] has been devdopccl to mimic this pow,~rfnl capability aJl(l tu help 

llesigning systems that can deal effectively with complex proc,·sscs. Fuzzy sd theory 

has bet•n very useful in modeling complex a1lll imprecis<' systems. It has also been 

use<l very t•ffectivcly in the area of control. as a ,lecision making syst«·m [ lG]. [n 

fact. its most sucressfnl practical applications hav,~ llt'en macl<'. in the fidcl of cuntrol 

systems. 

FIL::::y logu- is an extension of the cri~p. also well known as the binary. logic. It 

was first intro(lucecl by L. Zadeh [1-18]. Fuzzy logic systems are rule-based expert 

systems that are comprised of a set of if-then ( con<lition-adion) rules. The main 

idea bd1in,l fuzzy controllers is to describe a ~iven system awl its actions using 

linguistic pro(luction rules. When a fuzzy logic t~ngine is used as a controller within 

a control loup. it is c:allc,t a fuzzy logic controller (FLC). or simply a fuzzy controller. 

In this tht•sis. the main focus is on multi-input multi-output ( MIMO) FLCs. An 
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n-input m-output FLC can be regarded as a mapping from U = U1 x U2 x ... ~-: Un 

into V = Vi x ¼ '<_ ••• x Vm. where ui C !R. ½ c !R. for i = 1.2 .... . n and 

J = 1. 2 ..... m. are the input and output spaces. respectively. A more detailecl 

description of fuzzy logic controllers is found in Appentlix A. 

5.3 Adaptive Fuzzy Controllers 

As outlined in the earlier section. fuzzy logic control systems possess several features 

making them cxcdh'.nt candiclates for a wide range of applic:ations charadt•rizc<l 

hy ill-clcfinecl dynamics and unstructurecl environments. Nevertheless. fuzzy logie 

controllers ( FLCs) may lead to a poor performance when applied to plants with 

large unknown parameter and/or modeling uncertainties as they suffer from the 

lack of an efficient ailll systematic online adaptation me<:hanism that aclapts the 

controller to varying working conditions of the system. Static fuzzy eontrollcrs 

<lepencl heavily on the expertise of the designer who has to run the system through 

several off-line trial-awl-error tune-up cycles before finally integrating the controller 

within the system. In this case. if there arc changes in the system ·s dynamics or its 

working conclitions. the whole tune-up process has to be restarted. Another major 

shortcoming of FLCs is the lack of formal synthesis techniques that guarantee the 

basic re,p1in~n1t~nts fur fuzzy controllers· global stability. These limitations have~ 

stoo,l as an open problem for several years until the pioneer work of Wang presented 

in [12i.128]. In nrcler to overcome them. a new class of FLCs has emergecl. This 

type of fuzzy lugi<~ system is known as adaptive fn:;:;y control. An aclaptive fuzzy 

controller (AFC) is an FLC whieh is equipped with an online adaptation mechanism 
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to continuously tune up a set of the fuzzy logic system ·s parameters stored in the 

know ledge base. 

Given their merits over eonventional adaptive controllers. AFCs have recently 

drawn the attention of several researchers [8.36.46. !0i.115~ 140]. In fact. a stan­

danl adaptive control algorithm usually assmnt~s that the dynamic structure of the 

system is perfectly known and is free of any significant external ( uumodeled) distur­

bances. In other words. the controller is only robust to parametric. or strudurecl 

(also c:alled modeled) uncertainties and to minor unstructured uncertainties. In 

addition. the unknown physical parameters must have a constant or slowly varying 

nominal values an<l an explicit linear parameterization of the uncertain ,lynamic 

parameters has to exist. Although the latter condition is guarantet~d for t!very 

robotic structure. it might not be the case for many other systems with clifferent 

clynamic propt'rties. It is also worth mentioning that while all the aforementione(l 

rnmlitions are necessary. they are nevertheless insufficient for insuring a satisfac­

tory tracking performance aml stability of a conventional adaptive controller. Due 

to the many constraints nec-~dcd to implement a conventional adaptive controller. 

researchers have often ignored the effect of unstructured uncertainties and external 

disturbances on the controller ·s performance and its stability. This is not very real­

istic since mocleling imperfections of complex systems. such as dosed-chain robotic 

manipulators. are inevitable in a large number of cases. AFCs. on the other ha11d. 

are well equippecl tu cleal with the aforementioned shortcomings. In addition. the 

universal approximation theorem has been another main driving force behind the 

increasing popularity of AFCs as it shows that fuzzy systems are theoretic~ally <:a-
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pable of uniformly approximating any continuous real function to any degree of 

accuracy. Moreover. AFCs ·inherits· all the advantages of FLCs such as incorpo­

rating fuzzy logic information from expert human operators. This being said. it is 

worth mentioning that due to possible (litticultics in fully assessing the knowledge 

base. it might not be efficient to build the whole controller based on this partial 

knowledge. It nevertheless helps in providing key information on the system be­

havior around different working points. 

5.4 Classes of AFCs 

AFCs arc usually dassifie(l acrorcling to two criteria: 1 

1. The first criterion pertains to the way an FLC contributes to the control 

system. The role of an FLC can he either determining the output control 

action by means of fuzzy rules with the controlled output as their consequent 

part. or making use of the human t•xpcrtisc to generally describe the system ·s 

behavior through linguistic fuzzy rules. 

2. The second criterion pertains to whether the AFC is linear or nonlinear in its 

adjustable parameters. 

1 Different AFCs classification criteria may be found in the literature. In this thesis. we use 
those adopted in (128]. 
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5.4.1 Direct and Indirect AFCs 

A major classification criterion usecl in the conventional adaptive control literature 

states whether a controller is a ,lirect or an inllirect adaptive controller [85J. In a di­

rect adaptive control scheme. the parameters of the controller are directly adjusted 

so as to achieve a certain prespecified control goal. This goal is usually achievc<l hy 

minimizing the tracking error between the output of the actual system ancl that of 

a reference model. In an indirect adaptive control scheme. it is the plant's para.m­

dcrs that are continuously t 1stimatecl onlint'. an,l tlw controller's parameters are 

then <leterminPd accor,lingly. 

Direct and inclircd classification t)f AFCs follow. more ur less. the same analogy 

as that of ,lirect an,l in,lin,,·t conVt'nt.ional a,lapt.ivt• cont.rollt>rs. In otht'r words. 

,lired AFCs incorporates fuzzy linguistic rules to cldine the control ac:tion. Such 

rules may take the following form in controlling a ,·oolin~ sysfrm. for insta.nc,•: 

If room temperntzirc is high. then turn cooling ratt.- to high : 

If mom tcrnpcrnture is low. then turn cooling ni.te to nt'gativc hiyh . 

On the other hand. indirect AFCs incorporates fuzzy linguistic rules to ,l,~scribc 

an,l model the plant. and then construct the appropriate controller assuming that 

the emheci<lc,l fuzzy logic system perfectly represents the unknown nominal plant. 

In such a case. the fuzzy if-then rules ,lcscribing the behaviur of a cuoling system. 

for instance. may take the following form: 

If cooling rate is high. then the room temp~rature becomes low : 

If rnoling mfr is rzcgati1 1e high. then the room ifmp,-rafore becoml's high . 
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5.4.2 First and Second Types of AFCs 

Another classification criterion for AFCs is based on the type of aclaptatiun tech-

11i<t11t' usccl to tmu· the adjustable parameters of the FLC. The most commonly nst~cl 

adaptation methods. that are also 11scd in hybricl ucurnfnzzy systems [-19.50.68]. ar<' 

categorized either as linear. such a.,; thusc based on the least mean square tcchni<pl<'. 

or as nonlint>ar. such as those hasP<l on the ~adient clcset·nt algorithm. Basccl on 

these two types of optimization methods. AFCs are classified into two types: 

• Fir.-.t-typr AFCs a.re thos1~ AFCs with fuzzy logic systems hC'ing linrnr in their 

adj11st.ahl1• paramct(•rs. 

• Srco11d-typ1: AFCs arc thos<' AFCs with fuzzy logic systems being nonlinetLr 

in tlwir a1ljnstable paramdns. 

131.fun~ wt• prrn'.t't~<l to a formal representation of the first awl sccowl types of 

AFCs. we intro(lucc the following preliminary background. 

Definition 5.4.1 .-t fu.:::11 sin!!;ldnn .-1 d1,jincd on thr 1mil'ff.~1: of di...co11r,-.1' X 1.-. a 

f1L:;:;_1; .-.l'f d1Ji.nni by 

1f X = 11, 

othcrun.:::e. 

whrT1· ,z 1,, a pn'..-.pecified cri.-.p parnmdt:r in X and x E .,1:'. 

D1w to its simplicity an<l hJw computational requirements. tilt' fuzzy singleton 1s 

often nsrd as a fnzzificr in st•veral applications. 

Definition 5.4.2 The output y = (y1 ..... Ym)T of an ri-inp1it m-output FLC with 

a 1·1•11f,-r-1w1-ragt' dffu:;::ijfrr. J1i:;:;y n,l,,.-: a.-. defined in (.4.1 ) .. -:urn-product -inference. 
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and .-:ingleton outp·lLi fu=::.ifier. is given by 

( 5.1) 

where L l,.; tht> total nmnbrr of the fu=::.y rrde:-:. rr awl I: denote the frt::.::-y t-norm 

and t-rnrzorm opaation:; used. respectit,ely. and [jyi is the point in \.'J at which µ 81 11 
J 

achie1 1r:.-: ti.-: maximmn. Mlue which is ass'lLmed to be 1. 

Rcl·all. from St•ction 5.2. that ½ is the nniverse of discourse of Yi. Here. we adopt 

the lmlina.ry ,liscrde prrnlud and sum as the t-norm and the t-conorm. respectively. 

fur all t ht> ..\FCs that are diseussed thruu~hout this thesis. 

FLCs are Wt'll known tu be powerful universal approximators. In l)ther words. 

an FLC is nipahh· df uniformly approximating any Wt'll-define<l nonlinear function 

lWer a l'l>mpact :wt U to any <legree of acniracy. 

Theorem 5.4.1 For any !J'll'f'TZ rm[ continrw1t.-: frmdion !J on the com.pact .-.rt U C 

Rn and arbttm,y F > 0. there exi.-.t.-. <L frmctum /(.x) in the form of (5.1) .-.·uch that 

sup II g(.z;) - /(r.) II< f . 
.rEU 

The abovP nniwrsal approximation theorem. the proof of which can be found in [68. 

128]. shows tlw powt•r of fuzzy logic systems in approximating continuous nonlinear 

functions an,l it justifies the recent increase in applying fuzzy logic systems to a 

wide spectrum uf nonlinear systems. 

If r1t. I = 1. .... L. j = 1. .... m arc chost'Il as the FLC·s free parameters. the 

FLC ,ldined hy ( 0. l) bernmes an adaptive ime. In this case. it can take the form 
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of a neural network such as the one shown in figure 5.1 [107.140}. Equation (5.1) 

can then he rewritten as 

L 
~ -(l} ( 9T t • YJ=~y1 ~.c)=- 1~(x). J=l ..... m. (5.2) 
l= l 

where 

(5.3) 

(L( .l') = ( I ) • l = 1. . . . . L. 
Lt=l n:::1 µ,t~•1(xd 

Tiu· vector ~( .c) E R L is known as the fuzzy basis function vector. or the antece,lent 

function vector. ancl it is provi,led by the neurons in the hidclen layer of the neural 

network. The vector <➔; E R L_ j = l. .... m. is called the parameter vector. The 

a,ljustahle weights arc D;°. l = l. .... L. j = 1. .... m. Thus the output of the 

~UM O FL C can be rcwri t ten as 

(5.4) 

when~ 0 is an ( L :< m.) matrix with 8 i as its ( L x 1) jth column. Mathematically. 

0 - re e 0 J -~ l· 2····· m• (5.5) 

In the case where in a,lrlition to ijyi _ other parameters in which the FLC is 

nonlinear. such as the parameters of the input fuzzifiers. for instance. are choseu to 

he alljustablc parameters as well. the corresponding AFC becomes a second-type 
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Fignre 5.1: Tlw Strudnn· l>f an Adaptive MIMO FLC. 
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Yi 

,nit'. Fur example. if Gaussian fuzzy sds are use<l to fuzzify the input space with 

then t'qnatinn (5.1) becomes 

( 5.6) 
j = 1. .... m. 

S - 6) • 1· • (l\ l Ill inn· t'<p1ation ( u. ts non mear m i:i an< cri . d10osing these parameters to 

lw adjnstahlc in additiun tl) pa.ramctt•r ut- for i = 1. .... n. l = 1. .... L. and 
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J = 1. .... m. rt'sults in a second-type AFC. 

It is important to point m1t. that re~ar,lless l>f the linearity or the nonlinearity 

l>f the AFC in its frt't' paramdt'.fS. the t'mb,~,lded fuzzy logic system. and hence 

the AFC itst>lf. is always cumputationally nonlinf'ar. It is also worth nwntioning 

that sinn· r.ltt' nnmlwr nf frt'e paratnt'h'rs in a first-type AFC is less than that of a 

st ·c01ul-typ,· unt•. tht• formt~r typt' uf t~nntrollcr is computationally less tlemanding 

tt) 1·t>11Vt'l").?;t' tu an dptirna.l set uf paramdt~rs which leads to a minimal tracking 

t'rfl)r. H1)Wt'Vt·r. this sd uf optimal paramt'ters may not always lead to a satisfactory 

minimal tra1·king t'ITor. This is bt•canst' t.he ftT<' parameters search space in the case 

uf a tirst.-typt' AFC is limitc,l nnnpa1nl tu that of a secon,l-type AFC . ..\lthuuµ;lt it 

is usually v,·ry time n,nsnminµ; to s<'a.rch fur optimal paramett•r valnt•s l)f a second­

typt• AFC. an optimal st•con,l-t.ypt• AFC is nwst likdy to out.perform an optimal 

tirst-typt' :\ FC. 

5.5 Design of First-Type Direct AFCs 

Alt hun~h ditfrn·nt stratq~it•s havt• IH't'll proposed in the literature to ,ksign AFCs. 

«lt•pcwling un their types an,l the prnblt•m specifications. the general design ap­

pn,ad1 and tht• global «ksign procednrr> have been similar. As for this work. the 

main fun1s has ht't'Il t)ll the 1lf•si~n of a first-type direct AFC for the control of coop-

1 Tativt• manipulator systt>ms. In tht' rest of this thesis. only first-type ,lirect AFCs 

a.re c,msidt·n·,l. ~lort' material ablmt tlw uther types of AFCs and their features 

t·an ht• fuun1l in '.S. :33. 60. 91.115.1::!8. l-10]. 

Consid,-r a pt.h-ur«ler m-input. m-output nonlinear system with th<! following 
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state span"' representation: 

{ 

.r. Ip I = / ( .r . .i-. . . . . .r ( p- l ) ) + !l ( .r . .r.. . . . . X ( p- L ) ) lt + d. 
( 5.7) 

y = .r. 

where f an,l g an-- rmknown continuous fnndions. n t'._: n:tm and y E !Rm are the input 

and t.ht• llutput uf tlw syst,·m. respt•ctivdy. f = (.c . .c ..... ,r,(p-ll)T E Rn is the state 

space vectur. with r +:: Rm ( n = p • m). and cl E iR m is vector term originating 

from the dfcct uf th,· cxtt•rnal ,listurbances. Here. the notation xlq) denotes the qth 

time-dc•rivativt' of v,·ctor r. In other wnnls. 

wht'n' '/ is a pusitivc intq.?;t'f. 

5.5.1 Control Objectives 

In g<'neral. tlw rnnt.r( ►l ul,jc1·tiws ar,· v,·ry sp<'c-ific to the problem in hand an,l they 

~f'nr-rally (litfrr frum un,· prnlil,·m t.n atwthcr. Huwc•vt'r. a common control objective 

for the largt' maj,,rity ,lf cuntrul problems invulviuµ; first-type direct AFCs is to make 

the syst,,m·s untput !J track a giv,·n bonnd,•d rt'fert'nce output signal Yr(t). Mure 

formally. the main nmtrol objectivf' can he statetl as: 

detcrm me a ft'ullmd: mntml u in the form 1L = u(.£18). which i.-. ba.-:ed on 

a flL==!I logt,· .-.y.-..ft..·m wtfh. (➔ a.-. it.-. frrt'. pammder matrix. and an adapta­

f um la1c for adju.-.tiug 8 11ridrr tht: ,·rm .... trainf that the 2-norrn llell., of the 

frackzng n,or r· = !/r - y l.-: minnn l::,,d. 
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5.5.2 Controller Design 

ld,~ally. if func:tions f an<l !] are known and d = 0. then the fee<lback control 

with a c·t~rtain <'Xfrrnal input u \:: iRm yields t.he linearizt•cl system 

( 5.8) 

The reference trajc~c·tory Yr ( t) can then be asymptotically tracked m the linear 

t•xtcrual contn)ll<'r 

( 5.D) 

wlwr<' A1 ~ !R.m. i = U .... . p - l. is a ,liagonal gain matrix of the form Ai = 

diag( k, 1. ki'!. . .... kun). with kii E R for j = 1. .... m.. Substituting ( 5.8) into ( 5.9) 

,,Ip) ~ \ t'(p-1) ~ ... ~ A ,.·, I A ' - () , , , p- l , , 1 ,_ 1 CJ t. - . (5.10) 

If the codficit~nts k1;- i = 0 ..... p - 1. j = l. .... m. are chos<~Il in such a way that 

all th<~ roots (every single dt>ment of vector r1•0 for q = 0 ..... p) of equation (5.10) 

hdong to tlw upt-n lt{t-half of tht~ s-plane. then the tracking error ,:onverges to zero 

(i.P .. limt--, d t) = 0). which is the main control objective. However. in many real­

lift• mmpkx systems. such as cooperative robotic systems. it is either very difficult 

nr impossible· tu prccisdy cldt>rminc the nonlinear functions / and g. Besides. in 

su,·h systems. the vcdur ,l is almost nev<'r equal to zero. This is mainly due to the 

i1wvitahlt• 11l,iqnitu11s t•x.istt·nn· nf pa.rametrie and madding uncertainties and ill-
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clefinc(l external clist urbann~s in these systc·ms. :-\s a r.-sult. Nptat.iun ( 5.10) ll('nmws 

lpl I A Ip-II I I \ • I \ - (l) 
I, I p- l t' i ••• -r ' l t' I • ot' - ,, . (:J.ll) 

where r1(t) 1s an nnknown time-varying wctur in lR"'. Equations ( S. l l) dt>,u-ly 

shuws that the trackin~ t•rrur f dot•s not nmvt>r~c t.o z1•ru wht·n· 11(1) .i 0. Taking 

the above constraints into account. the feedback contrd 1L can lw c·umpntt·d as 

when· r, is as ,ld11wd in (G.8) . .,\(t) is a tinlt'-varyin~ rul,nst c·ump,·nsati,r. and !( 1
(.{-) 

anrl i(f.) are tinlt'-varyin~ t>stimafrs uf !J- 1 (£.) an,l !(£). n·sp1•,·tivdy. Thus. th<' 

jth column uf t.hc control law u bcnmws t'.Xprt•sst'd as 

with [!i- 1L~:)]f lwin~ t.hc jth rnw uf matrix J- 1c~~)- The basic icl,·a now i~ t,, rc­

plan-- [y- 1 (:f)]J anrl i(-!'.) with first-typ,'. ,lircd MIMO :\FC's -,J(~1(-)1) awl ;l(.rj{-)). 

respt•divdy. j = I. .... m. Tlwse .-\FCs arc in th,· ft1rlll giwn hy cquat.iuus (5.~). 

(5.3). (5.-1). awl (5.5). where 0j ~ RL .. 1 ,m awl(-) E iftL.-1cm. j = l. .... m. arc the 

adjustable paramdc·rs of '"Y;(£!0i) ancl ;:l(.rl<-)). rt>srwctively. and L,.,
1 

and L,i arc 

thf'ir respediw u11mLt>r of rulc~s. Equation (5.12) can tlwn he rt'.writtt·n as 

(5.13) 

The rohust ,urn1wnsatnr ,\( t) has a major dfrct on tilt' 11Vt'r,ill <·ont.n,Un ·s t•tfic-icncy 

awl stability. It. plays a major ml~ in the ovnall cuntn,l sc-lwmc> as it als,) clictaks 
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of robust compensators have been cliscussctl in the litPratnre [!H. 127. 128]. Tlw 

techniqnl's use<l for this purpose have been quit,, cliverse as they arc very ch•pt·n,knt 

on tlw propPrties of the control prohlt·m ancl also on the control objcdiVl's sd for 

,•,u·h particular problem. The following is a v;eneral outline for the design stq,s of 

a first-type (lin~d AFC. 

Algorithm: General Outline of First-Type Direct AFC 

Step 1: Off-line pron~ssing. 

• Spt•cify th,· <'.rn:ffkit·nts kii• i = 0 ..... p - 1. j = l. .... m. such t.hat all 

the roots uf t•rpmtion (5.10) ar.- initially in tilt-' opt•n kft-lm.lf 1,f t.111' s­

plant'. 

• 0Psign a robust compPnsator ,\(t) that wonlcl maintain the gloh,u sta­

hility of tlw nmtroll«'r whilr l<•a<ling to tht• sati~faction of the <'ontrol 

uhj1•dive(s ). 

• Determin<' certain a1laptivc laws to upclatc the AFCs arljustable parau11·­

tt·rs E-); an,l 0. j = 1. .... m.. so that the control objectives are ad1ievc•1I. 

• Construct the fuzzy rules and the membership functions for the fuzzy 

logic systt>ms of 'Y;Ld0i) an1I J3(f.10). j = l. .... m. 

Step 2: Online aclaptatinn. 

• Apply the ft"t~dback control (5.13) to the plant given in (5.i) whil«- usiuv; 

the robust rompensatur ,lesi~ne<l in Stt,p 1. 
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• U sinµ; the adaptive laws 1lerived in Step 1 to continuously adjust the 

AFCs free parameters 0i and 0. j = 1. .... m. 

Deriviuµ; the adaptive laws for the AFCs free parameters is usually achieved by 

analyzinµ; the stability of th,~ ovPrall controller nsing a Lyapunov stability approach. 

The ma.in i,lt>a is tu choose <➔i and 0. j = 1. .... rn. as to annihilate certa.in terms 

that may li:ad to a. positive time-derivative of the Lyapunov function candidate. 

[t is w()rth l!lt'Htioning that the discussion being carried out in this section about 

the ,[1,sign uf tirst-typc 1lired AFCs is very brief as it is only meant for giving a 

g;ent>rnl i,lea un huw such a type of controllers operate. It is difficult to provide a 

thorough analysis because the technical details of the design and stability of AFCs 

ar1' v1•ry pwhlt·m sp1·1'.itic ancl they vary from a control system to another. Details 

about scvt•ral AF Cs as customized for different applications can be found in [S. 33. 

6O.01. llG. l:2S. l-W]. We will prnvi,lc in subsequent chapters more mat.'.rial un the 

1lcsign uf spec·ial first-type 1lircd AFCs for the control of cooperative manipulators. 

5.6 AFCs Versus Neural Controllers 

When a neural network [68. 85] is used as a controller within a control loop. it is re­

ferre1l to as a neural controller [38.53.54.85]. As it is discussed in [68.85.128]. two of 

the main ,lriving forces for using artificial neural networks (ANNs) have been their 

nniwrsal approximation capabilities and the well established training algorithms 

that enable tht•tn tu tune their a,ljustablc parameters (i.e .. weights and biases) to 
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minimize the networks rnmulative error ( between training data and actual output). 

Tht~st~ two major assets have clrawn the attention of several researchers who have 

successfully appliecl diffon,nt types of ANNs in a large number of applications. espe­

cially in the fidcl of nonlinear control [85]. On the othf'r hand AFCs are also proven 

to lw universal apprux.imators ancl they are also equipped with onlinc adaptation 

mechanisms to tune their free parameters. In addition. these adaptation techniques 

arc very similar to those that arc often used in the training of most ANNs. Some of 

these aclaptive algorithms are the gradient decent. the least squared error. and the 

Lyapunov stability approach techniques. for instanc<~. The complementary rnrrda­

tiun between ANN s mui ( aclaptive) fuzzy logic systems is metaphorically clcscribecl 

by Wan~ [12Sj as 

··[n 80111.t~ .-.cn ... P. artificial neural networks tnJ to emulate the ·hardware· 

of th,· h 1mum bmm. 1t1ht1rrn.-. adaptive flL==!I .,·y .... terns try to em-ulatr: the 

·.-.oftw<LTT • in th,· h1tman br<Liu. •• 

At first siµ;ht. AFCs a1ul IH~nral controllers St~cm to be quite alike. Neverthe­

less. some key differences clo exist. A major advantage of an AFC over a neural 

one is that the parameters of the former type of controllers have clear physical 

meanings. These parameters often represent the characteristics of the membership 

fundions clefinerl in the knowledge base of the fuzzy logic system. For instance. 

in equation ( 5.6). g;° represents the center of the fuzzy singleton function in the 

consequent pa.rt of tlu~ [th rule. The parameters x!l) and a?) denote the center and 

the width of the Gaussian membership function in the antecedent part of the [th 

rule. respectivdy. This feature makes it possible to develop some sort of heuris-
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tfrs on how to dtoose the initial values of such parameters. On the other hand. 

the p,u·amcters of ANNs. in general. (lo not have a dear relationship with respect 

to tht' network ·s input-output clata. As such. their initial values are usually cho­

st~n randomly. It is important to mention that the parameters initial values have 

a high impad on the rnnverp;euce speetl of the controller. especially if it uses a 

gra<lient-base<l tra.iuing algorithm. 

Anoth<'r fundamental (liffen-·rn.:e Letween AFCs and neural controllers is that 

the furuwrs are ca.paLle of incorporatiu~ linguistic fuzzy information in a system­

atil· mamwr. wht'reas this is not possible for the lattcrs. This feature is important 

<'S(.wcially in highly uuct>rtain complex systems for which human operators acquired 

a n'rtain expcrtist• on huw thc~w systt'lllS behave under different working conditions. 

Fur instance. controlling au aircraft in varying weather conditions. or an inverted 

JH'Illlulnm under ,liffen~nt types awl intensities of external disturbances. is a very 

n,mplex pruhlem from a thmrdical point of view. nevertheless humans have been 

quite successful in accomplishin~ these tasks without referring to their mathemat­

ical mo,lt'ls. Tiu~ human k1wwkclge can be easily converted into a set of linguistic 

if-then rules which can be systematically incorporated in a fuzzy logic system to be 

used in an AFC. 

It is also important to mention that the efficiency in neural controllers is heavily 

clqwnclcnt on the structure of the ANNs. such as the number of hidden layers. the 

nnmbt'r of neurons in ~ach layer. an<l the activation functions used in each layer. 

just to namt' a few. These parameters are usually determined by a trial-and-error 

prucess. In fact. clett'rmining the appropriate structure of a given ANN could 
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become a tedious proce,lure especially if the system being controlled is a complex 

one. Besiclt~s. even when tht~y show satisfactory performances like in [31.135]. their 

behavior is still not easily nnclerstood or interpreted. The performance of these 

neural network based adaptive t.t•chnicp1es as applit~cl tt) other types of problems 

is not gnarantee,l awl cannot be t•asily quantified. In addition. the number of 

paramet<'rs un which a 1tt>t1ral network depend is usually high and is proportional 

to the cumplexity of its ardtitecture. This ,lramatically enlarges the parameters· 

tuning space and makes it even more clifficult for the controller to achieve its main 

goals in terms uf traeking performann·s and stability. It is worth pointing out that 

in many c-ases. likt• in [i. 12. 16. 6GJ. a formal mathematical proof of the control 

system ·s stability could nut even be an:omplishecl. 

5. 7 Conclusion 

\Ve hav<' n·viewt•(l in this chaptt•r thf' major foatun·s of a class of soft computing 

has,·<l c·ontrulkrs namely ;ulaptivt~ fuzzy controll,~rs and compared them favorably 

with standanl atla.ptive controller approaches an<l even with the recently much 

talked ahout neural ba:;ccl controllers. In the next two chapters. we provide novel 

schemes of AFC systems that are readily implementable to complex dynamic sys­

tems such as those of eouperative robotics. We believe that this should contribute 

in a substantial manner to the increasing bo,ly of literature being published in the 

field of soft computing tools· applications to robotic systems. 



Chapter 6 

A Robust Adaptive Ft1zzy 

Approach for the Control of CR 

6.1 Introduction 

Fl)llowing the motivations that bl us to investi~at.«· adaptive fuzzy controllers ancl 

after outlining the main foatun·s of sud1 a dass uf cuntrull<'rs. we <lPvdop in this 

chapter a customizecl ,tired model-reference adaptive fuzzy controller ( AFC) for 

the control of multi-arm cooperative robotir systems. To our best knowledge. th.is 

is the first control implementation of its kind to this complex type of structure. 

The controller is designed in such a way as to attain the control objectives defined 

in Sections 1.3 and 3.1 under significant amount. uf structured and unstructured 

uncertainties. The convergence and tlu-., stability prup<'rties of the proposed AFC 

are also formally analyzed through a Lyapunov stability approach. Afterwards. 

computer simulation results are illustratt1 d to rnnfirm the theoretical properties of 

96 
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the rnntroller and to compare them with those of the CAC presented in Chapter 4. 

6.2 AFC Design for CR 

To diminate the error prone dynamic modeling process in a coonlinatcd-manipulator 

systt~m. an a(laptive fuzzy contruller ( AFC) is (levdopt~cl. The AFC ,kvdoped 

here possesses an adaptation mechanism allowing it to learn the system ·s (lynam­

ics without the need for prior knowledge of the system·s clynamic structure or the 

manipulators physical parameters. In ut.her worcls. nothing about the matriees 

D,(qi). Ci(qi. ,ji). a1ul Gi(qd. i = L. .... m. is assnnwd to be known. Tu t~nsnre that 

Di('/d, Ci('li•'id, and Gi(qi). rnn adually be approximatPd hy FLCs. tlu· following 

assumption is adopted 

Assumption 6.2.1 The load di . ..;tributioTL matrix ci(t) i,..; t'dhtT fxcfo . ..;irwly depen­

dent on 'Ji• ,ji, and/or qi, or it i.~ slowly l'llT1Jtng m time. In otha word~. for 

i = l ..... m. 

c\(t)::::O. 

Note that a constant matrix c;( t) satisfies assumption 6.2. l. This is very common 

in,h~cil in real world applications. 

Let Pi(t) E R_ki. i = 1. ... . m. be a time-varying function repn'sent.ing the un­

certainty in the payload ·s variation. This variation <lepentls on the term { Dd qi)qi + 

Ci(,Ji.,ji),ji + Gi(qd} in which the only time-varying parameters are {qi•'li•'li}-
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Hence. the function Pi(t) is directly dependent on {qi. qi. q.i} [140]. 

98 

Similarly. the rest of the system ·s dynamics can be expressed as a function !li ( '/i. ,ji. ,jr,. qr,) 

which is clcpenclcnt on {'/i• <ii• </r,. 'lr, }. In most practical cases. unmodeled uncer­

tainties. TJ,. i = l. .... m. are mostly dominated hy unstructure<l friction forc<'s 

and unknown t•xterna.l <listurbauces acting on the manipulators joints. So. it is 

only normal to consider that the time variations of such uncertainties are heavily 

dependent un 'Ii aU<l ,k This should he the case for a wide range of real worlcl 

systems. 

Assumption 6.2.2 :Hodeling nncertamtics TJ,. i = 1. .... m. arr dommantly de-

( 6.1) 

Therefore. the controller (4.19) can be rewritten as 

Let 

Then. equation (6.2) can be rewritten as 
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Since the function Ui(qi. <Ji• iji, ,jr,• '/r.) is a completely unknown vector. according to 

the universal approximation theorem. it can be approximated by a MIMO fuzzy 

logic system Udl/i• 'li, <ji. tir,• iiri l8i) which is defined by equations (5.2). (5.3). (5.4). 

ancl ( 5.f; ). Mathematically. 

= 

{Ji 1 (qi• <ji • <ji • ,jr, • iir, 10 i l ) 

Udqi• 'li• iii, tir;• iir;lei:d 

0ft ~i('/i• ,ji, <ji, tir, • 1lr,) 

ei ~i('/i• ,ii• 'ii- ,ir,. 'Ir,) 

rnlumu of matrix 0i. Note that the input vector Xi is composed of (5~) real 

den1t•nts ( i.e .. .r1 ~ lR 5k,.) So. if Iii fuzzy labels are assigned to each of these elements. 

the total number of fuzzy rules. Li. in the FLC of each robot i is (1ii:}5k,. This is 

usually a very large number when tackling real-life cooperative robotic systems. 

For instance. if Iii and ki were chosen to be 3 aud 2. respectively. the FLC of each 

of the m robots has to fire 310 
( == 59. 049) rules in order to compute and dispatch 

the rnntrol signals to the ki actuators of each arm. This is obviously impractical 

~ it would consume a great amount of computational resources considering the 

relatively simple configuration of such a c:ooperativc manipulator system. 
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6.3 Rule Reduction Technique 
100 

To alleviate this computational burden. a fuzzy rule reduction algorithm similar 

to tlw one proposed in [1-tO] is adopted here. Using the recursive Newton-Euler 

mt_•tho,l. ,jr, can be replaced by <ii. The function Ui( qi, qi, <Ji• qri. ijr;), and hence the 

functiun l\(<Ji•'ii-'/i•'ir,•'/r,l0d. can then be rewritten as 

Tl} r<'<luce ,·vcu further the total number of fuzzy rules rcquin·d. a clccomposition 

functions. N omina.lly. 

[r( • •• ··) Ul( ") [(!.( ··) U3( ··) 
i '/i• 'li• '/i• '/r, = i 'li· '/i + i qi, qi + i <Ji• q,., · (6.4) 

Similarly. its approximated value generated by the MIMO-FLC is PXpressc,l as 

where 

[Tl (qi. qi 10 f ) = ( 0: t ~l (qi. qi) 

Ul('li-iiil0:) = (0:)T {;(qi,ijd 

[T;(qi. q,., 18f) = (07 )T e(qi. ijr, ). 

(6.6) 
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The adaptation laws of the consequent parameter matrices of the three fuzzy logic 

components uf the FLC are defined by 

0·1 (rl)-1'1( ·) T i = - i ,, t/i• q.; .lji 

( 6. 7) 

where r1 ~ lR (K, ,.1t, x (...:, 1;:",. for i = 1 ..... m a11<l j = 1. 2. 3. is a positive Jefinite gain 

matrix. Noti<·e that with this fuzzy rule reduction technique. the total number of 

rules L, that ar1• firt•(l hy the thret· fuzzy logic compo1u~nts of the FLC for each 

robot i. <lrups <luwn tu 3(1-i: 1 fk,. This is a. significant improvement when compared 

to tlw ori~inal number (i.t~ .. (1-i:d:;k,) and it provi<lcs a major improvement in terms 

uf computational dticiency which would facilitate its real world implementation. 

Going back to the previous example with ,-.:i = 3 and ki = 2. the value of Li is now 

n~dnced tu 3 -. 3-1 ( = 23-t ). [Jase(l on the above re~mlts. the adaptive fuzzy control 

law lwn,mt•s cl1•fined by 

Notice that since the manipulators kinematics are assumed to be perfectly known 

(assumption 3.1.~). the last two terms of equation (6.8) can be accurately computed. 

Figure 6.1 clepids tht' block cliagram of the AFC with figure 6.2 showing the block 

(liagram of its three fuzzy logic components. 
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Figure G.l: Blnck Diagram of the AFC Architecture. 

6.4 Stability Analysis 

102 

Suhst.itntin~ the controller t•qnatiun ( 6.S) into the 1lynamics equation ( 3.12) results 

in the fuUuwin~ 1•rrur ,lynamin; t'<piatiun 

where i is the internal force error in robot i. and {Ji is the error of approximating 

the robot ·s ,lynamics. That is 

i •~ff· - t 
Ji - t JJ, 

( 6.10) 
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• ~ l._ 
~---------- -~:.:- 1--, ----- -------

Fi~,m~ 6.2: Illnrk Diagram nf tlw Fuzzy Logic Mocluks. 

Let(-); tlt•note tlw optimal paramd.t•r matrix of the fuzzy logic engint~ Ui('li• ,j,. '/i• <Jr, l8i ). 

Equation (6.10) ,·an then be rewritten as 

(6.11) 

where ll\ is known as the minimum apprnximation error of the fozzy logic engine 
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Using equations (6.11) an,l (6.4). the error dynamics (6.D) can he reformulated as 

where 

[.[., .. 0-., ,kf[·T., ··1 ~., ·r., ··1 "• -., T., •• 
t('li•C/il-n = t(<Ji-t/i b;)-l·t('li-'li ez) = (C->;) t;(,/i-'Ji) 

(;?l 'Ii• iir, I e;) ·~=~/ c~~l ( q,. 'Ir, 10;) - Lil( 'Ii. 'Ir, l 0;·) = t c:>;) re ( 'li • iir, ) 

(6.12) 

(6.13) 

(6.14) 

( 6.15) 

(,;,)7· is the optimal paramdt~r matrix of the fuzzy logic t~n).!;ine (tf. for k = 1. 2. 3. 

ancl 
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are information rich e110-u9h. that i~, if their input fuz::y fobels uniformly and thor­

oughly .-.pan thf whole input space awl the nurnber of their jtL::::y rules L, larf/F. rnmtgh 

to dc,cr-ibc the .,y.-:tem..; dynamics. then from the 1mwer.-.al approximation theorem. 

( thrnrnn 5.4 .1). the tr.rm fi( t) can bt' ,ipproximated to .:rro w·ith any dt·_qrr't' of ac­

rnrncy (1'21. 1:28}. Since fi(t) can be :;maller than any machmt' prcci.-.ion. it can be 

con.-.i,frn:d to be prnctically zero. 

(6.16) 

Theorem 6.4.1 Suppn.-.e that the ga-in, ri arc cho.-.cn to ha,,,. thr: .,amt Minr 1 > 0 

for all m manip-itlator.-.. ff the matri.r gum.-: K., > T/i arul Ki > 0. i = 1. .... m. 

then thr: adaptire f u:;::y controllrr ( 6.8) gwes ri.._,e to an a;-,:ymptot ic mnrtTgence of 

Proof: Clmsiclcr the following Lyapunov function ca.nclidatt~ 

m 

V =~Vi. 
i=l 

wht're 

with <➔ :j «lcnoting the jth column of matrix 0~. Since Di(qi). Ki. and r7 are 

positivt' cldinite matrices. i-·:. and hence V. are non-negative scalars. From the 
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error dynamics (6.12) and equation (3.13). 

\i; = - sf ( K,, - ~C;( t )Q0( q;. ,j.) ).,, - sf JJ, ( q.)K,i: 

3 k, . k 
T T - , -T : "~ - k T k -+ ,-;i .l,t,, (<Ji) /i -r .r Kix + ~ ~ ( 0ij) r i ( eij) 

k= l j= l 

Substituting t~quations (4.18). (6.13). (6.14). and (6.15). leads to 

V; = --•! ( K,, - ~,'.;( t )Qo( 'Ii, ,j.) )s; - -y,i:r K;i: + (i + -y;i: f J, 

where 

3 k, 
~"-kTlc::.k + ~ L., ( C➔ ii) r 1 ( (-) iJ ) 
k=l j=l 

. . . 
= V:1 + V::i + ViJ. 

3 k 

11;3 = L :t(0tfr~(0~;l + .,; [(0/f lf (q,.,;.i + (0;f {;(q,.ij.J 
k=l ;=l 
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( 6.17) 

From the property of internal forces. we have L:i /i = 0 and ~;:1 /J., = 0. Thus. 

setting 7i to a unique value , for all m manipulators yields 

m 

L \%2 = o. 
i=l 
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Substituting equations ( 6. 7) and ( 6.16) into ( 6.17) leads to 

From t•<piation (3.1-l). 
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If tht• gain matrices K,, aU<l Ki are chosen in such a way as to satisfy the following 

c:onstraints 

then i: 1 ,:; 0. implies that v; :S 0. Hence ~ is a non-increasing function. and 

as such ·"i • i. ancl (.:t. for k = l. 2. 3. are boundccl. sincP. they appear in Vi. If 

the <l<·sir('tl trajectory .r.c1 is uniformly continuous. then Lemma 6.4.1 implies that 

·"i a1ul i are uniformly continuous. Remember that (,\(t)Qu{</i•'ii)) is uniformly 

continuous (assumption 3.-l. l ). Thus. from Oarbalat ·s lemma. 

lim V:1 = 0. 
e~x 

lim .Iii = 0. and lirn i = 0. 
t-x t-,:,c 

■ 

Lemma 6.4.1 ff .Iii. i. and 8fi. for k = 1. 2. 3. are bounded. and if the desired 

frrzjectory .xc1 i:-: 1mifnrm.ly conhmt01ts. then Si and i are uniformly continuous. 
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Proof: Prcmultiplying the error dynamics (6.12) by 1,t,;(qi)D-;1(qi). yields 

J4,.('7i) 0~i - ./¢,(qi)D; 1 (qi).!J.(qi)ji = .l.p,(qi)D;1(qi) [irl(qi~tiilE>I) 

+ r)i2 ( '/i · '/i! c➔;) + {r;( '/i• (/r, 10;)] - .J.,,. ( qi)D;
1 

( qi) [Ci( 'li• <id + K.j l Si 

- .l,p,(qi)D; 1(qi)JJ.(qi)Kii + l4>,(qi)D; 1 (qi}ci(t). (6.18) 

Ditfercntiating t•qnatil)n (-l.18) with respect to time leads to 

(6.19) 

Usiu~ ccprntious (G.l!J) a1ul (6.16). awl hy letting ;i = 7. equation (6.18) c.an be 

n•writtt•n as 

(6.20) 

wht•rc 

(6.21) 

hi= [.1,p,(qdD; 1(qi) (Cd'/i-<id + K,,) - }.,,,(qi)] (6.22) 

lLi = .!.:,.(,zi)Di-l(qi) [li/(qi,,;i1et) + {T?(qi.iji[E>~) + irl(qi,iir,IE>f)]. (6.23) 

By computing [D~ (q1 )j1 - D~(q1 )ii] for i = 2 ..... m and from equation (3.8). we 

obtain 
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where jT = [i[ .... . i,~]. awl R( q1 ..... <Im) and Q( t) are defined as follows 

R( '11 ..... '/rn) = 

Q(t) = 

D~ ( qi) - D~('/2) 0 0 

D~(qi) 0 -D;(q3) 0 

D~ ( ,1i) u 0 -D~(<Jm) 

l l I I 

(a1 - t1:di + (b1s1 - b2,i2) - (u2 - ui) 

(a1 - t13)x + (/>1,,;1 - h3.,;3) - (u3 - ui) 

0 
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From the strndun~ l)f tht• ma.trix R(q1 ..... 'Im) and since Di(qd. i = 1. .... m. is 

positive clt•finite. it <"an be declucecl that R( q1 ..... 'Im) has full rank. The matrices 

.!,:,, ( '/i) allll D,- 1 
( '/d an· boundt>d. Thus. R( 1/1 ..... 'lm) and n- 1 

( q1 ...•• 'lm) are 

also hu11n1lc•1l. Tht• mat.rin·s C,( 'li• ,ji) ancl .irJi. ( qi) arc bounded for a bounded joint 

vdoc-ity ,ji (justifit·d latt•r in this proof). Besides .. 'ii, i. and Elf. for k = I. 2. 3. are 

bounded. Henl'e. Q(t) is bounded. Therefore. j = n- 1 (q1 ..... qm) Q(t) is bounded. 

Frum t·quation (6.12). the boundedness of ~i becomes straight forward. This proves 

that .,;i is uniformly eontinuous. For a bounded .'fi and i. it is directly implied by 

t·<piation (-l.18) that i is bounde<l. Then. x is uniformly continuous. From (3.2). 

it can be ,ledun~,l that a boundeci i implies a bounded t. Given the uniform 

continuousness nf X,i. it can be de,luced from (3.2) that the desired joint velocity 
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,jJ, is bonnd,~,l. Thus. ,j; is i11tlc1:1l boun«lecl. This also justifies the boundedness of 

C;(q;. rid and .i<t>, ( qi) daimed earlier in tlw proof. ■ 

Remark 6.4.2 ft 1,.; po..;:,1hlc to rt>du!"e fh,· t"jJ,:ct of the error term t=;{t) and wha1tce 

thr' rolrn.-:tw·.-:.-: of the AFC by addi11y an additional term to cqwdion (6.8). The 

mlm.-:f 1'011trol law would luw1· th1· foll11wi11g Jm,n 

1vh,·n· 

j = 1. ... . ki. 

tLwi w~ i.-: thr. jth dnnr·nt of 1wctor wf. k = 1.2.3. Thi.-:: IL~ill rn.-:urt' that ½3 :S 0. 

It i.,; tmport,wt to pornt out that. m.,;p1t,· of the robu,,;t11e.-:.-: of m11trol law (6.24). it 

i.,; not pr,, fcrrnl from fl pmdirnl pomt of l'lew .-:iuc:e it l1!1ui.-. to ,z chattering beh,zv-ior 

of thr m,mipultztnr.-:. Thi.-: mak,•_,; tlu nmtrol of clo.-,ed-drniTL robotic .-.-y.-:tem.,; ,z uery 

diffintlt ta.·& to 11rl1inrr: as ,t nm1plicult'..; t'VCH fnrther the coordinatiuri between the 

man-ipufotnr.-:. 

Theorem 6.4.2 The ,uiapt11'1' f1L::.::.11 rnntroller (6.8) also leads to an asymptotic 

1·01wt'rgfTLCt'. of the fori:r' erTor f; fn ::t-ro. 

Proof: Prcmnltiplying equation (6.20) by (DJ1i)}- 1 results in 

(6.25) 
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where D;('/i). bi. an,l "i• arc as defiuc1l in equations (6.21). (6.22). and {6.23). 

respectively. It is easy to sec from cquatinu (-l.1-t) that matrix D;( qi) is invertible. 

Since. x converges to zero. i ancl i also mnvcrge to zero. Keeping in mincl that -'Ji 

converges to zero awl from equations (3.8) awl (6.23). 

m 

lim 1) o;('/d r 1.1,J>, (qi)D; 1 (11d [u.1 ('/i• •iii<:>:) 
t ..... x; 

i=l 

11ously dianging in tinw ancl may ,L'iSlllll•~ an infinit.c nnmbcr of possihlc valncs for 

i = l. .... rn. Since 1•1piatio11 (6.26) has tu hulcl for all those val11t!S. an1l since the 

term (D;(qd)- 1.l,:,,(,/i)D; 1(qi) is bo11n1le,I. tlw 1Jt1ly solution tn t"cpiation (6.26) is to 

have 

Then. from t•qnation (6.25). 

lim j, =: ll. 
t---x 

■ 

The enhanced position and internal force tra,·king ,·apabilities of the proposed 

AFC in the face of parametric and unstrudnrecl uncertainties are illustrated in the 

following section. 
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6.5 Results and Discussion 
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In order to confirm the theoretical properties pertaining tl> t.he AFC"s stability and 

tracking ability in tlw face of significant structured and nnstrndmnl unct~rtainties. 

three experiments are carried out on the cooperative robotic system described in 

Section 3.5. In each of them. the object mass is considered as the only parametric 

uncertainty of the AFC. This implicitly implies that the object·s in<~rtia represents 

another parametric uncertainty ( sec table 3.1.) The initial value of '-Pi• i = l. 2. 

is d1osen to be zero. As for the AFC. it is assum,,,l tu havt~ no apriori knowledge 

of the system· s ,lynamics. The initial values uf 07 an· sd tu Zt'ro for i = 1. 2 

ancl k = 1. 2. 3. The universe uf clisconrse for each fnzzy input is clivi<kcl into five 

fuzzy labels. each <lcfinc<l by a Gaussian membership function. Tlwsc membership 

functions are 

1 
µ Alll (.r.d = ,, 1 + el.r, +ff'/:?) 

l'A111(.ci) 
,;: 

1 
- .&I +.l )'1 

(' ( ;: 

1 
µ A11t(.ci) = C-(~)l ,J 

µ Alli (xi) 
1 

= -< .r,-J r: ... e l 

µA11dxi) 
1 

= ,.s 1 + e-(r,-1"/:?) 

The membership functions are shown in figure 6.3. 

The first experiment is meant to test the vali(lity of the AFC in the case where 

the system ·s dynamics has no unstructured uncertainties or external disturbances 

(i.e .. n is set to zero in equations (3.16) and (3.17).) In other words. the model 
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Figure 6.3: Membt•rship Functions Used in the AFC. 
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is assnmecl to he subject to parametric uncertainties only. Tlw controller·s track­

ing performance is shown in figure 6.--l. Both. the position awl the infrrnal force 

tracking errors converge to zero. To compare the tracking ability of the AFC with 

its <·unwntiunal rnunterpart. the CAC. the tracking errors of tht• two controllers 

art' supt'rimpost>d on each others as shown in figure 6.5. Although all the tracking 

enors <lccay to zero with both controllers. the AFC in this particular cast~ shows 

a slowt'f c-onw·rgence rate than that of the CAC. In fact. this is expt'ded from the 

AFC as it starts the learning of the robots overall dynamics without any initial 

prior knowledge on it (i.e .. 0f. ·i = 1. 2. k = l. 2. 3 arc initially set to zero.) To 

mmpare the amount of efforts generatccl by both controllers. a performance index 

is introdu,nl. Let riUl ( t). j = 1. 2. 3 and i = 1. 2. denote the torque at the jth joint 

of robot i at a timt! instant t. The amount of effort dissipated by joint j on robot i 

ean then be Illt~asured by a performance index. 1W1. defined as 13}i) = J::1 [r.:{j}(t)) 2dt. 

where f 0 a[l(l t I are the time instants at which the robots motion starts and ends. 

n·spe<'tivdy. Let ,Ji and ;J denote the total efforts consumecl by robot i and by 
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the two robots together. respectively. That is. Pi = L~=l JJ?). and # = #1 + #2-

A comparison of the CAC"s and AFC"s effort performance indices is provided in 

table 6.1. As it can be seen. the AFC consumes less overall effort than tht! pure 

CAC. The computed torques in the two robots are illustrated in figure 6.6. 

Tahle 6.1: Effort Indict•s ll[ the CAC and the AFC in the Presence of Parametric 
Uncertainties Only (a= 0.) 

/3~1) /3~2) /3~3) /31 .a11) /3~2) /3~3) /3-z {3 

CAC 360.20 272.20 8.87 641.35 414.68 404.86 36.93 856.47 1.497.82 

AFC 357.01 247.80 9.66 614.48 415.20 318.38 18.29 751.87 1,366.35 

The secoml experiment is carried out to study the tracking behavior of the 

AFC in tlw fat:e \lf parametric and modeling uncertainties. For this purpose. au 

tmmo<lelec.l t~xternal disturbanec term is addecl to the manipulators dynamics in 

addition to tilt' pa.yload·s mass uncertainty of the first experiment. This is achieved 

by setting n: t•qual to 1 in equations (3.16) and (3.17). The AFC's tracking perfor­

mance is provided in figure 6.7. As it is expected. and unlike the CAC. the AFC 

shows a satisfactory performance even when. both. structured and unstructured 

uncertainties coexist in the system ·s dynamics. Figure 6.8 provides a comparison 

of the tracking t~rrors of both controllers. In th.is case. it is dear how the AFC 

outperforms its conventional counterpart. the CAC. This figure also shows that 

the tracking t'rtors of the AFC do not converge to zero exactly but they converge 

rather to a certain f•nvdope which is in the vicinity of zero. We believe that this is 
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mainly clue to the fact that the effect of the external disturbance factor p(t) is no 

lunger neµ;ligible. The time-varying term p(t) docs not <lcpend on any of the AFC"s 

inputs. arnl hence increasing n violates a close to zero value of fi ( t). which in turn 

iuva.li,lates c~quation ( 6.16 ). Figure 6.9 shows the AFC"s computed torques for the 

two robots. 

A thircl experiment is carried out to compare the two controllers tracking perfor­

mances nwler parametri~ uncertainties and different degrees of modeling uncertain­

tit~s. This is achieved by letting n span a spectrum of values in the interval (0. 2.5). 

Tht> tracking errors of both controllers arc plotted in fignn! 6.10. Again. the track­

in~ superiority l)f the AFC over that of the CAC is very dear. The CAC shows very 

little toleranc:c to the inncasing effect of the modeling uncertainty caused by the 

innease uf n. On the other hand. the AFC proves to be more robust and it shows 

a higher flexibility in tulerating. both. structure(! and unstructured uncertainties. 

The AFC"s tracking errors clo not converge exactly to zero for relatively high values 

uf n. This is mainly <lue to the higher impact of p( t) on the system ·s clynamics for 

hight•r values of n. as explained earlier. However. even in the presence of significant 

modeling uncertainties. the AFC's tracking ability is still satisfactory as its tracking 

errors still converge to a region very close to zero. In practice. this would be very 

umch tolcratecl. 
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Figure 6.--1: Tracking Performance of the AFC in the Presence of Parametric Un­
certainties Only ( n = 0.) 
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Figure 6.5: Tracking Errors of the CAC and the AFC in the Presence of Parametric 
Uncertainties Only ( a = 0.) 
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Figure 6.6: Computed Torquc-->s Using the AFC in the Presence of Parametric Un­
c·t'rtainties Only ( n = 0.) 
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Figure 6. i: Tracking Performance of the AFC in the Presence of Parametric and 
Modeling Uncertainties ( er = 1.) 
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Figure 6.8: Tracking Errors of the CAC and the AFC in the Presence of Parametric 
and l\fodeling Uncertainties ( a = 1.) 
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Figure 6.9: Computed Torques Using the AFC in the Presence nf Parametric and 
MOflding Uncertainties ( a = 1.) 
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Figure 6.10: The Sensitivity of the CAC Versus that of the AFC under Parametric 
Uncertainties and Varying Intensities of Unstructured Uncertainties. 
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6.6 Conclusion 
123 

In this chapter. a customized decentralized direct adaptive fuzzy controller is pro­

pt>s<•1l fur the cuntrol nf multiple strongly coupled manipulators handling a common 

object. The controller makes nse of a MIMO fuzzy logic eugiue and au online adap­

tation scheme to fully asst•ss and approximate the overall system ·s dynamics starting 

from 110 a.priori knowledge of it. The proposed controller has been shown to be ro­

bust in the face of a substantial amount of parametric and modeling uncertainties 

with varying intensity levels. It has been proven that. under a few reasonable as­

sumptions. t~ven with the t>xistenre of these uncertainties in the system ·s dynamics. 

the position ancl the internal forces tracking errors always <:ouvcrge to zero. How­

t~ver. inspite of the cuusi«leraLle ,leneasc in the unmLcr of fuzzy rules as a result 

of the rule tlccomposition scheme used. and the resulting significant computational 

time improvement of the adaptive fuzzy controller. it is still computationally slower 

than the c:ouventional aclaptiw~ controller. This is one of the major tradeoffs of this 

particular aclaptive sdtt•mt'. A higher execution time efficiency base,l scheme is the 

snhject of the next chapter. in which a novel approach basecl on a hybricl structure 

uf a knuwleclge based adaptive controller is proposed. 



Chapter 7 

A Novel Hybrid Adaptive Scheme 

for the Control of CR 

7 .1 Introduction 

ln tilt' prcv1uus chapter. ,i 1lirc1·t mo1ld-reforencc AFC has been proposed for 

tilt' nmtrol of rnupt'rative multipl1· manipulator systems. Although tlw proposed 

scheme has lwen shuwn to achieve 1lesired control objectives in the face of significant 

structure1l and unstructured uncertainties. it still suffers from a few shortcomings: 

• Thi' AFC operates within the dose<l loop of the control system. which puts 

a suhstantial additional computational burden on the system. 

• .-\lthuugh the rule-reduction medianism used in the previous chapter signifi­

cantly re1l11n:s the number of mks 11:wd by the fuzzy logic engine. this number 

may st.ill be large considering that the AFC has to operate at the same h.igh 

124 
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Lanclwi,lth as the hardware clcvices located within the control loop. 

• Although the AFC shows a high ability in learning the system·s dynamics even 

with uu priur partial knuwblg;c uf it. this might be still considere,l unrealistic. 

The main reason is that in the vast majority uf real-life situations. a certain 

amlJllllt uf infurmation is usually availaLlc about tlu! robots dynamics. In 

uth,·r wnnls. the prnpns1•1l AFC lacks the ability to incorporate the already 

acquin·tl knowledge about the system ·s llynamics and hence does not have 

provision tl> indn,h· it fur tlw nmtrollt>r a,lvantagt•. 

In this d1aptt•r. a new knowledge based controller is suggested to uvernnuc the 

short1·omings of th1• pn•vions AFC [3.t.3i]. The rnntrol.lt•r proposed here is a hybrid 

soft computing; ba.-;cd rnntrnllcr ( HIC) that makt'S nse of an innovative hcirarchical 

strnctun· to allow for n. cnnvcntional adaptive controller and an adaptive fuzzy 

nmtrollt·r tu 1Jrwrat1• simulta1wu11sly wit.bin a hicrarchicn..l framework to achieve the 

sysfrm ·s ovt•rall cnnt.rol ubj,·ctiws ddin1•1l in Sedions 1.3 and 3.1. The HIC is 

,ksigrw•l tu maintain tht• high tracking ability of the previm1s AFC in tht_• face of 

significant parametric a111l modeling nnct'rtainties. while overcoming its drawbacks. 

The rnnverµ;rnn~ all(l tht• stability properties of the suggested HIC are also formally 

syntlwsize1l using a Lyapunuv stability approach. Computer simulation results arc 

provi1lccl tu •·untirm th,· theoretical properties nf the HIC and to compare them 

with thus,• of tlw pnw C..\.C presente1l in Chapter -1 ancl the AFC presente1l in the 

previous drnptt>r. 
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7.2 Hybrid Knowledge Based Controller Design 

Soft computing tools are gt•tierally knuwn to operate at a lu\Vt'r ban cl with ( expert 

lcvt•l) than that nf the control luop har1lwan· [15]. Hence. for best possible results 

atl<l tt) improve the systems reliahility. soft rnmputing hasc<l controllers have been 

traclitiunally impkmen<ltccl within tht• upper layer of a hit•rachical structure. This 

is an t'XCt•llent blend combining the lH'ndits of ha.nl controllers capabilities with 

thost• of soft computing tools in terms of supt•rvision and learning l 15]. A generic 

hi1•rard1ical architecture of an t ·xpt'rt controller is shown in figure.· 7 .1. The su­

pt•rvisory. or tht> t!Xpt·rt. euntrnlkr contrilmtt-•s to tht'. ovt•rall duse,l-loop control by 

integrating and analyzing information ft•cll.ark from tilt' contrnl systt'Ill itself as well 

as otht'r surrournling subsysfrms t.hat may atfect the plant ·s operating condition. 

In aclclition. the t~Xpert controllt'r nu1 t'Vt'll iucorporafr heuristic control knowledge 

al>lmt tht' systt'm ·s clesirccl lwhavior nnclt·r various npt·ra.tinµ; l·ornlit.ions. This ean 

lw achit•vecl by t•ithr>r gatht•riug ,la.ta frum t)tffine t'Xpcrinwnts. or hy gathering in­

formation in the form of if-t.hc•u rnlc•s from a human nmtrnl systf'm operator who 

is expert in tuning the contrull<·r nndt~l' these different opt~rating points. The su­

pervisllry controller then integraks this information and uses its inference engine 

to clec:ide on the appropriate upclatc signal to be dispatched to the hard controller 

so that the overall dosed-loop control system achieves its desired specifications. 

Among the merits of the hierard1ical structure is the fact that the knowledge base 

at the higher level of the hicrard1y can be updated at every new steady-state op­

c•rating (·ondition based on the nirrent status of the process .-lynamics. 

Tt> improve the tracking perfcJrtnarwc l)f cuntrol law (-t.17). a hybrid intelligent 
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controller ( HIC) is cleveloped. The proposc,l HIC consists nf two clifforent types of 

adaptive controllers operating simultaneously within a hil'rarchical frauwwork. The 

hierarchical structure of the HIC wnsists of two layers. The eXt!t:utiun ( or the ha.rel 

algorithmic) layer consists of a C AC similar in spirit to tlw one ,kscribt•,I by (-t.19) 

but with some ,lifferenc.es. a major one of which is that tlw CAC usPcl here cloes not 

require a very precise mo<lel of the system· s dynamics. A more cldailed analysis is 

provided later in this section. The execution layer operates at a relatively higher 

bandwidth similar to the one at which hardware devices normally operate. The 

low computational complexity of CACs. in general. justifit~s the placement of the 

proposed CAC in this layer. The second (upper) layer is the expert layer and it 

contains the proposed direct AFC. The main task of this AFC is to compensate for 

the uncertainties of the CAC in the execution layer. Unlike many supervisory type 

of controllers discussed in the literature. which dictate updates to the parameters 
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of the harcl controller [15]. the proposed AFC dispatches a control signal which is 

added to the torque generated by the CAC to enhance the overall tracking ability 

of the system. Due to the AFCs • high computational complexity as compared lt) 

that of CACs. the expert layer better operates at a lower bandwidth than that of 

the hardware layt~r to provide a higher computational efficiency of the overall HIC. 

7.2.1 CAC Design 

Unstructured uncertainties might not only he due tu errors in mudding ext<~rual 

,listnrbanccs. but might also be <inc to other factors such as t~rrors in the regression 

matrix resulting from impcrfcd physical parameter values that art~ not reprcsente(l 

in the adaptation vector 'Pi• i = 1. .... m. for instance. Ld 

( 7 .1} 

(- •J) '·-
(7.3) 

Ct (qi.qi). anrl G; (<Ji) are their respective best possible approximations in the pres­

ence of these errors. Given such a partial knowledge of the system ·s dynamics. 

equation ( 3.15) takes now the following form 

where ip; E lR. k.:: is a vector of the physical parameters of the ith manipulator and 

the object. and k,;,~ > 0 is the length of that vector. The matrix r:·(<Ji•'li•'li-Ci(t)) E 

Rk,xk.:~ is its corresponding regression matrix. Let b;(qi). c;(qi.,ji). G;(qi). and 
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'Pi be the time-varying estimates of D:(qi.). Ct(qi. 1ji). G:(qi). and <,0;. respectively. 

Then. from equation ( i .4) 

and hence. equation (-l.20) rnn be reformulated as 

. . . 
D;(,u)iir, + Ct(qi.<id'lr, + G;(<1i) = Y:·(qi•'ii!<ir;•iir,•Ci(t))<p;! i = 1. .... m. (7.5) 

The reference joint velocity. 1ir,. and acceleration. iir; ! for robot ·i. are as defined in 

eqnat.ions (-l. 13) and ( 4.15 ). respectively. The control law of the CAC for the ith 

manipulator becomes then defined as 

( 7.6) 

with the adaptation law 

( i.i) 

where K~ .. K1• and r .. arc positive definite gain matrices. fc1, is the time-varying 

t•stimate uf TcJ,. and .ii is the sliding mode parameter defined in (4.16). 

7.2.2 AFC Design 

To compensate for the effects of the uncertainties on the CAC·s tracking perfor­

mance. a <lirect AFC is designed to approximate the overall error in the system ·s 

<lynamics. For each robot i. the error can be expressed as an unknown nonlinear 

function 

(7.8) 
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The external disturbance vector can always be written in the following form 
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where T.1,('li•'id is a time-varying function that depends solely on {<Ji.<j,}. and Ei(t) 

is a function that depends on the time t. The time-varying estimate of TJ,. TJ, can 

then bt~ t1Xpressed as 

where T.,,(,/i-<id and t\(f) are the time-varying estimates of T.d'/i,qi) and Ei(t). 

rcspectivdy. Henct~. the estimation error of r,1, is formulated as 

where 

T- , • ) .t~r r· ( . ) T ( • ) 
d, ( '/i • '/i = cl, qi· 'Ji - d, </i • '/i • 

( i.9) 

and 

For the rr-st of this synthesis. we assume that t\(t) is insignificant so that t\(t) is 

dominantly 1lependent on 't1.('/i,qd. 

Assumption 7.2.1 The estimation f'rror i 1 (t) i.s in the tricinity of zero. In other 

words. 

This is a realistic assumption as it can he achieved using a disturbance attenuation 

technique. similar to the one 1liscussed in [39. 114] to compute for ii(t ). Equa-
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To Pusure that Di(qd. C,('li• ,jd. and Gi(qi). can be actually approximated by FLCs. 

thl' following assumption is adopted 

Assumption 7 .2.2 The load di.•dribui'ion matrix c;(t) is e-ither dependent rm. 'li 

and ,ji only. nr i.s .slowly 11,zr'!_ring in time. In other words. for i = 1. .... m. 

Nl)tc that a constant matrix c1( t) satisfies assumption 7.2.2. This is very common 

in(b~tl in real worltl applications. Neglecting the effect of t\(t) and according to 

tht• universal approximation theorem ( theorem 5.4.1 ). Ei can be approximated by a 

:\IIMO fuzzy logic system lli{,Ji. ,ji, ,jr,• iir, 10d which is in the form defined by equa­

tions (5.2). (5.3). (5.-l). arnl (5.5). The FLC Ui(qi•'ii•'ir,•iir;l0d is directly rlepen­

rkut on the paramdt•rs { '/i• ,ji, ,ir,. qr.} as they are the only time-varying quantities 

uf the ith manipulator. 

7.3 Rule Reduction Technique 

The input vector (,Ji.<ii-'ir,•'/r,)T of Ui('li•<ii-<ir,•<lr.l0i) is composed of (4~) real 

elements. So. if "-i fuzzy labels are assigned to each of these elements. the total 

number of fuzzy rules. Li. in [\(qi.,ji.<ir,•'lr,;0i) is ("-i)4k•.This could become a very 

largt' nnmbt-'r in many rcal-lifo robotic applications. knowing that such a number of 
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fuzzy rules has to be fired simultaneously for each single robot. For instance. if Iii 

and ki arc assigned the values 3 and 2. respectively. each FLC Ui( qi. ,ji, (iri. iir, 10d. 

for i = 1. .... m. needs to fire 38 
( = 6. 561) rules in order to eomputc and dispatch 

the control signals to the ki aduaturs of each manipulator. Bearing in mind the 

nonlint•ar nature of the fuzzy rub; a11<l the relatively simple configuration of the 

manipulators considered in this t'Xample. the practicality of such a type of FLCs 

bccomt~s q uc·stiunable. 

Tu allt'.viat(' t.he computational complexity of Ui(</i• ,ji. ,j,.,. iir, l0i). a rule reduc­

tion alµ;orithm is propost'cl. A dt•composition procedure is suggested to aggregate 

wht•n~ tlw FLCs U/('/i• ,,,.,) atl<l Ul(q,. ,ji. ,i,.,) arc to approximate {Di(qi)q,.J and 

{Ci(qi.,ji),jr, + Gi(qd + Td,('/i,,ji)}. respectively. The term {.Di(q,:)ijr.} can be ex-

k, 

Di{qi}l/r, = L [Jij(t]i}q,.,
1

• (7.10) 
j=l 

where DiJ ( qd is the jth column of matrix Di( qi) and iir,, is the jth element of vector 

'Ir,· Ilasccl on the universal approximation theorem and since Dij(l/i) is an unknown 

nonlinear Vf'dur. it can bt~ approximated by a MIMO FLC. [\~(<Jil0!i). in the form 
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of (5.2). Ui.3). (5..t). ancl (5.5). That is. 

[t l ( tJ · ! (-) l ) = ( (-) 1 _ ) T c l ( f/ · ) = 
IJ I I IJ 1J '-1 1 

( e !j ) f ~l ( '/i) 

(0:;)f!.1(,/i) 
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with (-)L ~ lR_L!d.-,_ (
1

1 (qi) ,=: 1R,L!. a[l(l ((-)L)k h<'ing the kth column of 0t. The 

parameter L! 1lenotcs the nnmbt~r of fuzzy mks in Ui~( qi l0f; ). The consequent 

l)arauwtcr mat.rix (-)~- is tuned accorrlinK tn t.lw followin~ adaptation law IJ -

r\l (fl -tel( T·· • 1 • 1 1-
\.-111 = - IJ) ~1 '/i)-\ 'lr,,• l = ... · .m.} = .. • • -~i- (7.11) 

where rt -:: iR L: • L: is a positivt~ ,ldinite µ;ain matrix. If Iii fuzzy labels is assigned 

tn c'ach dc•nu·nt of '/i · tht'U the tutal Illllllht•r uf mies of ui~ ( qil e:j) IS ~lVCU by 

"""k, £1 = )k, (K )k, = k (,;. )k, . 
.:......,J=l 1 ~1= I I 1 t 

Sinn' {q,.,ii•'ir,} an~ tl1t~unly time-varying parameters in {C',:(qi.,ji),ir, +G,(qi)+ 

T.l,('/i•'ii)}. t.lu· c·xistc'n,·.- ufa MIMO FLC l'?(•Ji•'ii•'ir,) to approximate such a non­

linear fnndiuu with those pararnt'krs as its nni(l'lc inputs. is (tiredly implied by the 

universal appwx.imat.ion tht•orem. Using tlw r•!t:ursive Newton-Euler method. q,.i 

can be rcplact>d with ,ii- leaving [Tl with two inputs only. qi and qi. In other words. 

{C\(qi. ,jd,ir, + Gi(,z.) + T.I,('/i• ,ji)} can be approximated by the FLC Ul(qi. tjil0:) in 

the form of (5.2). (S.3). (5.4). and (5.5). with 0; E iRL;xk, and Lr being the number 

of fuzzy rules of {?('li•'id0~)- The FLC Dl(,zi.,j110;) can then be expressed in the 
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(7.12) 

when· q E JR L:"- L; is a positiw definite ~ain matrix. Note that with 1".i fuzzy labels 

assigned to each element of 'Ii and qi. Lf = ( Ki ):?k,. Based on the above results. the 

tnrque utfsd generatecl by the~ AFC l>f t.ht' ith manipulator is given by 

k, 

(/) ~ u· i ( 101 ) •• L·12( • 102) 
Ti = L_, iJ '/i - ij '/r,1 + i '/i • 1/i - i • ( 7 .13) 

J=l 

The overall control law of the HIC then beconlt's 

(7.1-t) 

Fi gun's i .2 and i .3 ,lepid t lw 1,lock diagrams of tlw HIC. It is important to point 

uut that using control law (i.1-l) with t\. 1 fuzzy labds for t•ach dcuwnt of qi and <li• 

the total nnmlwr uf fuzzy mks. L1. that. has to be~ tin·«l by tht• HIC at each robot i 

becomes Li = ki ( ~i )k, + ( Ki )2k,. This is a significant imprnvcment rnmpared to the 

original number (i.e .. ( Ki}°'k,) and it. giv< ·s a. major boost in terms of c·om putational 

dficiency which woul<l facilitate its real worl<l implementation. Going back to the 

previous example with 1-i,1 = 3 and ki = 2. the value uf Li is now reduced to 

( 2( 3 )2 + ( 3 )"4 ) = !J9. compared with 6.561 with the earlier scheme. 
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7.4 Stability Analysis 

f,i,}. respectively. That is 

(7.15) 

(7.16) 
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Figure 7.3: Dlock Diagram of tht' AFC. 
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rreu and 0;· are the optimal parameter matrices for l\~(</il0]j) and Ul(qi•'iil0;). 

respectively. then the minimum approximation errors of the two FLCs can be ex-

pressed as 



CHAPTER i. A NOVEL HYBRID ADAPTIVE SCHEME FOR THE 

CONTROL OF CR 137 

Using equation (7.!J). equations (7.15) and (7.16) can then be reformulated as 

[! .1. = (r.1. ( 'l.; 18 ~ . ) - (r.1. ( </; 10 ~ ~ ) + w ~. and 
IJ IJ • IJ IJ • IJ lJ • 

U• 1 • ,,_:,1 ) .f,.f [
4

[1 ( 1r.::.\l ) u· l ( 101•) 
i; ( 'li Io ij = ij t/i ~, ij - ij qi • ij 

Then. using t'<piation (5A). t'quations (7.17) and (7.18) can be expressed as 

- 1 dd • 1 - l l - l T i: 1 1 { U = U-(,1·18--) + ll'·· = (0-) , • (,1.;) + w.. an<. tJ IJ l IJ IJ IJ "'l • IJ • 

where 

( i .17) 

(7.18) 

(7.19) 

( 7 .20) 

( 7.21) 

( 7 .22) 

Lemma 7.4.1 U~ing the contrnl law (7.14). the overall .-.ysft>1n ·.-; error dynamics 

k, 

+ L ui~(q,l0lj)<ir,, + [Tl(qi. ,jil8;) - Ka,Si - 1J. (qi)Kd: + fi(t). (7.23) 
i=l 
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when' 

!- •~f !· - f 
l - I J ,1, • 

- • .i,•r • • • d 
c.p, = 'Pi - 'Pi· llTl 

138 

( i .24) 

Prnnf: Snbstitntinp; equations (7.6) and (7.13) into (7.14) and equating to the 

clynamics e,piatilm ( 3.12) yields 

k, 

-.f .. ~ ('/i )( h"ij -r- /.J,) - T',l, + L [i,~(c[il0J1)<ir,
1 
+ U?(<Ji• <ji!C-):). 

;=l 

From equations (i.l). (7.2). (7.3). an<l (-1.16). we get 

k, 

-Ti1, + L l\~(<Jil(~'>Ji)t/r, 1 + Ul('/i•'iil0f). 
;=l 

This lcacls to 

k, 

-(D;(qd<ir, + Ct('li•'lil'lr, + G;(,11)) + L l\~(qil0L)czr,, + Ul?('li•'iilE>;) 
j;;;l 
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Substituting t~qnations ( 7 .5) and ( 7 .!J) results in 

k-• 
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Di(qi}.~i + Ci('/i•'ji)s, - .J!(qi)j, = )-·~•(qi.qi,<ir,•'lr,•c.;(t))<pi + LCri~(qi!9lj)qr,1 

j=l 

From t•quations (7.15). (7.16). (7.21). ancl (7.22). we then get 

k, 

+ L t1~('/1!(➔ J)•/r, 1 + ( 2
('/1• 1jii0;) - K~,.'ti - .Jl,(qi}Kii + fi(t). 

j=l 

■ 

Remark i.4.1 If thf /IL::.::.y logic .--:y.-:tem~-: [\~(qi!8]j). and [Tl(qi.qij9:). are 1..-nowl­

olyt' ruh r-·nmtgh. that l, ... if thnr mput fu::::y label-: uniformly and thoroughly span 

thrir IL'hofr rt?.-:pcdwr: mput . ..:pan·.-. ,md the rmmbcr of their ftLz::.y rules i...; largP. 

nwugh. to de3rr-zbc th f .... y . ..:tnn. .... d_,mam.u·.-:. then from the rmivcrsal approximation 

thrnrnn. thr minmrnm apprn.rimation rrror:- wf1 awl w;. can be approximated to 

=,-ro w-ith any degree of accuracy /127. 128}. Since w;i and Wf can be smaller than 

any machme preci . ..:wn. they cnn be considered a.._.; practically equal to zero. 

ut = 0. and w; = 0. 

for i = l. .... m and j = 1. .... k1 . Hence. neglecting t\(t) (assumption 7.2.1 ). 

fquatinn ( 7.24) yield$ 

( 7 .25) 
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Lemma 7 .4.2 If ·"i. .c 1;,· 01- mul e~ are all bo-undcd ror ·i = 1 ..... rn and ' Tl ' IJ • l ' J l 

j = L .... ki. awl the de.-:ircd tmjectnry .C.J i~ rmifonnly contimwu.-.. then ·"i and i 

llrt' rLniformly contm1to-1L~. 

Proof: Prcrnultiplyin~ the tnor <lynamics ( 7.23) by ./,p, ( qi} D; 1 
( qi). yields 

.l,p,( 11d-~i - .l,p,( 1/i)Di- 1 (qd.J!(,zdi = 

.1.;,. l '/i) o; 1 
( 'b) [}:· ( 'l•· ,j,. ,i, .. <i, .. .. ,( 1) )'P: + tu,~( q,10:j )ii,., + irl( '1•· ,i,10:>] 

;=l 

-.!,t,,( 11dD; 1
( 11d [C1( 1/i•'id + K:,,],-;, - .1,,,,(qi)Di- 1(qd.lJ,(qdKii 

+.I"'· ( '/i) Di- i ( 'li) f., ( t). 

Ditfon·ntiatinµ; equation (--l.18) with n·spect to time lt~a<ls to 

(7.26) 

( 7.27) 

Usinµ; equations (7.27) anrl (7.25). ancl hy letting 1i = 1· equation (7.26) can be 

n·writtt·n as 

( 7 .28) 
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(7.29) 

''i = .l,t,,(qdDi-
1
(qi) (Ca(<Ji-<jd + K~.) - .i.i,('ld (7.30) 

lli = .!,;,, ( 11d D;1 ( ,,d [,~- ( q;. ,;,. ,;,,. ,j,,. c;( t) )'Pi + tu.~ ( q;IEl!; ),/,,, 
j=l 

+Ul(<Ji•'iilef) + fa(t)]. {7.31) 

By rompnting [D~(,/1)/1 - D:(qd/i] for i = 2 ..... m. and from equation (3.8). we 

ohtain 

where jT = [/[. .... /,~]-and R(q1 .... •'lm) anrl Q(t) arc ddinccl as follows 

D~(qi) -D;(tJ:d 

D~(qi) 0 

R( '/1 ••••• ''"' ) = 

D~ ( ,,i) 0 

I I 

Q(t) = 

l) 

-D;(q3) 

() 

I 

0 

() 

0 

I 
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From the structure l)f matrix R( q1 ..... qm) and since Di( 'Ii). i = 1. .... m. is pos­

itive ,ldinite. it ean be tlc<l uced that R( q1 ..... 'Im) h,L'i foll rank. Tbe matrices 

.Job,(1/d and D;'(,zd are bmm<icd. Thus. R(,11 •... . q,,.) an<l n- 1(q1 .... •'lm) a.re also 

bounde<l. The matriet!s C,('/i•'ji) and .l,t,1 (11i) are ho11n1lctl for a hounded joint ve­

locity ,ji (will be justified later in this proof). 13csi,lt•s. 1,1. i. c.p;. (:)fj• and 0;. for 

j = 1. .... ki. aIHl i = 1. .... rn. arr boundc<l. Henn!. Q( t) is l>omulccl. Therefore. 

j = n- 1(q1 .... •'/m)CJ(t) is hmmde,l. From t!quation (7.23). the boundedness of 

-~i heeomes straight forwar,l. This proves that ,.,, is uniformly continuous. For a 

bounded -~i anti i. it is ,lircctly impliecl by t!cpiatiou (-l.18) that J. is bounded. Then. 

; is uniformly cuntimwus. Frum (3.2). it 1·an bt• ,kdun·<l that. a l,onnded i implies 

a bunncletl 'li· Given the uniform continuousness of r,1 it can be ,leclncecl from ( 3.2) 

that the 1lesirc1l joint velocity ,j,,, is bounclctl. Thus. ,ji is iu,led brnuuled. This 

also justifies the boundedness uf C,( 'Ji· ,j,) arnl .I,:,, ( q;) da.imt._•1I earlier in the proof. 

• 
Theorem 7.4.1 S1tppo.,;c that the yam.-: 1; arr'. cho."t:11 to l11wr: the ,,;11mc 11nlue 1 > 0 

for rzll m manipulator.-:. If the matrix gain.-: Ka, > T/i awl Ki > 0. i = 1. .... m. then 

the proposed HIC with control law ( 7.14) give., ri.,;e to 1111 a.-:ymptotic convergence 

of si and i to =ero. 

Proof: Consider the following Lyapunov function candidate 

m 

V = L Vi. 
i=l 
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where 

1-13 

with ( et )k c\Il(l ( c=)r )k denoting the kth column of matrices 8}j an<l f)l. respt·divdy. 

Since Di(<Jd. Ki, ri:. r]i. and r; are positive definite matrices. V:. a11<l lu~nee V. are 

non-negative scalars. From the error clynamics (i.23) and equation (3.13). 

V. = - -•f ( K,, - ~i-, ( l )Qo( q;. •ii) l-•i - -•f .!J. ('ii) K,i 

k, k, . k, . ., 
T T - -T :. :.•T -• . ~ ~ - l T l - l ""' - - T :? - :? + -~i .1 "'· ( ,1df, + x K,.x + 'Pi ri'Pi , L..., L) c➔ ij )k rij ( <->i1 )k + L..., ( c-\ ),.. r, ( 0i )k 

;=l k=l k=l 

+ .,;f [Y;- ( '/i. •i•- .;, .. ,;, .. c;(t i )cp; + t r::,~( "' 101, l'l,., + er;, 'ii• •ii1<➔n + ,. ( 11] . 
J=l 

Using t:qnations (i.21). and (7.22) and substituting equation (4.18). lea,ls to 

. . . . . .. 

= 'Vi 1 + V:2 + Vi3 + Vi-1 + Vis + Vi6, 
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where 

\i;, = -.,f ( K,, - ~C;(t)Qu(q;. ri.J).,, - 1,XT K;X 

• • T -
V:2 = ( X + ')' i X) Ji 

k, k, . 
1 

k, 

~4 = L L(0ij)rr:j(0tj)k + s[ L(e:j)TC(<Ji)'lr,, 
j=l k=l j=l 

k, . ., 

i~s = L(E()kf';(Sr)k + 3[(0;f{;(qi.,ji) 
k=l 

144 

(7.32) 

( 7 .33) 

(7.34) 

Setting 'i'i to a unique value I for all m manipulators. ancl using equation (3.14 ). 

yields 

If the gain matrices K., and Ki are chosen in such a way as to satisfy the following 

constraints 

then 

From the property of internal forces. we have z:::1 /i = 0 and ~:1 /,,, = 0. Thus. 

with ;i set to a unique value , for all m manipulators. 

m 

L½2=0. 
i=l 
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Substituting equation (7.7) into (7.32) leads to 

145 

Similarly. substituting equations (7.11) and (7.12) into (7.33) and (7.34). respec­

tively. results in 

Vi-1 = 0 . and Vis = 0. 

Equation (7.25) directly implies that 

Yi6 = 0. 

6 

~: = L ~ii~ o. 
j=l 

Thus. Vi is nun-increasing. and lwnce si. i. rp:. 0f1. and 0r. for i = 1. .... m and 

j = 1. .... ki. are bounded. since they appear in Vi. If the clesirccl trajectory XJ is 

uniformly rnntinuous. then lemma 7.-1.2. implies-that -~i atul i; are uniformly contin-

11011s. Rt•mt•mht~r that ( ,\( t )(}0( 'Ii• ,ji)) is uniformly continuous ( assumption 3.4.1 ). 

Thus. from Darbalat ·s lemma. 

lim Vil = 0. 
t-+x 

Therefore. 

lim ~i = 0. and lim i; = 0. 
t-x t➔x 

• 
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Remark 7 .4.2 ft i.~ pn . ..;~ibfr to re,lttce the effect of the error term, t:i( t) and enhance 

the robu . ..;tnc . ..;,..; nf the HIC by adding an additional term to eq·uation (7.1.'J). The 

robust adaptive fu:;:;y control law would have the following form 

k, 

r}f) = L l\~('lil8L) 11r,, + lil(qi•'lilen - iVi ~gn(.~i). ( 7 .35) 
i=l 

when: 

k, 

lVi 2 sup (L lw;/ir) + lwl!). 
t j=l 

awl 1i\k t . ..; the.· kth rlnn.r'rd of vfctor ll'i • i = 1. .... m. Thi.-: will cn.-.urc that Vi 

i . ..; ru1atw,· n•f'n wh,.n fi(t) r 0. ft l.-. importnnt to point ortt that. in.-:pifr of the 

rohu~,tne.-: ... of th t' AFC urith mntrnl law ( 7 . .'J5). it i...-: not preferred frorn a practical 

point of mew .,mcc tf oftrn lead.-: to ,z chattfr·ing beh,wior of the manipulator~. Thi:; 

make .... tht> nmtrol of clo.-:t'd-cluz-in robnt.tc :-y8tem..-; a verrJ difficult ta.-:k to arh-ie11c a.-; 

lf compliratf., thr coordmation between the rnampul<Ltor~. 

Theorem 7 .4.2 Tht· ,ulapti11r fu=:;y <'lmfroller ( 7.14) aL~o lead$ to an tl$y1nptotic 

conm".rgnzcr of fhf Jorn· rrror ji to :;ero. 

Proof: Premultiplying equation (7.28) by (D:(qi))- 1 results in 

( 7 .36) 

where D:(qi). b,. and u.1. are as cldined in equations (7.29). (7.30). and (7.31 ). 

respectivdy. It is Pasy to set~ from equation (4.14) that matrix n:(qi) is invertible. 

Since. i convt1rges to Zt-~ro. i and i: also converge to zero. Keeping in mind that Si 
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converges to zero an<l from equations (3.8). (i.31). and (7.25). 

n, 

t~~ L ( D: ( '/i) )- l .f,t,1 ( '/i) Di 1 
( '/i) [t:• ( '/i • tji • tjr,. •Jr,. Ci ( t) )<pi 

i=l 

147 

+ t li,~(<J;!0/1)'l,,, + iJ/(q;. 'l;IE>l)] = 0. (7.37) 
;=l 

uously dianging iu time anrl may assume an infinite number of possible values for 

i = 1. .... m. Since equation ( 7.3i) has to hold for all those values. and since the 

t,·ru1 (D:(,1d)- 1.l,i
1
(,1dD~ 1(,1i) is houn<lecl. the only solution tuecpiation (7.37) is to 

ha.v<> 

t~I~ [}~" ( '/i• q,. ,j,,. ,j,,. t·;( I) )'Pi + t U;~( q,10); )'/,,, + U;' ( <J;. q;10; 1] = 0. 
J=l 

Then. from equation ( 7.36). 

lim /i = 0. 
t ➔ x. 

• 
Tltt~ t~nhanced position a1Hl internal force tracking capabilities of the proposed 

HIC in the face of parametric ancl unstructured uncertainties are illustrated in the 

following section. 

7.5 Results and Discussion 

In order to assess the HIC and to confirm the theoretical properties pertaining to 

its stability and tracking abilities under significant structured and unstructured 

nnc~rtainties. the same thret• experiments of Chapter 6 are reproduced here. The 
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initial cstima.t.ctl value of the payload·s mass. 'Pi. i = l. 2. is chosen to be zero. 

This may be consi<lered as an t~xtrcme ease as in most practical situations at least 

a rnngf! l)f the possible values of such a paramder is known in advance. The point 

hehincl this dLuice is tu better illustrate the high tracking capability of the HIC 

t'Vt~n in t•xt.r<'me cases. As for the AFC module. it is assumc<l to have no apriori 

knowleclgc of the system ·s ,lynamics awl its membership functions are chosen to be 

the same as those used in Chapter G. The initial values of TJ,. 0;1 . and 0~~ are set 

to zero. fur i = 1.2 and j = 1. ... . ki. Tlw matriees D;(,1d. Ct(,Ji.,ji). and G;(qi). 

art• dLOst'll tt> bt• 50<:•;, of tlwir n·spt'.ctiv,· nominal values. In other worcls. 

D;(,1d = 0.5 Ddqd. 

Ct( 1Ji• ,jd = 0.;j C(,/i• ,ji). 

G;(qd = O.5G.(qi). 

It is important. t.o point out that this pcrt~l'Utage value is not mnd1 significant as 

tlw AFC 1110<lttlc in tlw HIC always n,mp<!nsatcs for the ,lynamin; mrnleling error 

rcgarcllcss uf its magnitude. The CAC mo,lnlc is set to operate at a hanclwi<lth four 

times higher than that of the AFC moclule. 

In th" first t>xperiment. only parametric uncertainties are assumed to exist in 

the robots 1lynamics. The HIC·s tracking performance is shown in figure 7.-l. The 

paylnacl • s position and the internal forces converge to their desired values after 

a n·rtain paramt'tt•rs tuning phase. It is important to notice how the tracking 

perfurmanct• nf tht! HIC is dose to that of the AFC developed in the previous 

chaptt•r. In orcler to compare the tracking ability of the HIC with its conventional 

rnnnterpa.rt. tlw pure C AC ( of Chaptt~r -1). the tracking errors of the two controllers 
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are superimposed as shown in figure 7.5. Although all the tracking errors decay 

to zero with both controllers. the HIC shows a slower convergence rate than the 

CAC in this <'.asc. As in the case of the pure AFC in Chapter 6. this is expected 

since the AFC module of the HIC starts the learning of the robots overall <lynamics 

without any initial prior knowblgt'. of it (i.e .. (-);3. and 0~. are initially set to zero. 

for i = 1. 2 and j = 1. .... ki-) To c..:ompan~ the amount of etfort generated by the 

HIC. the pure CAC (of Chapter -l). arul the pure AFC (of Chapter 6). the same 

type of control l'tfort performance in<lex as tlw 01w nst~d in tlw previous chapter is 

also used here. The t>tfort pcrformaw'.e incliccs of the tlm~e types of controllers are 

provicled in tablt~ 7 .1. As it cau lw st~en. the HIC rnnsnuws less overall effort than 

the two uthcr controllers. The compntecl torques in the two robots are illustrated 

in figure i .6. 

Table 7.1: Effort Indices of the pure CAC. pun· AFC. a.ncl t.he HIC. in the Pn!senc:e 
of Parametric Uncertainties Only ( n = 0.) 

! 
,8~ l) 3(2) 3(3) B(l) ,3~:?) ;3fl i J1 132 /3 

I l ' 1 . :? 

Pure I 360.20 272.20 8.87 641.35 414.68 404.86 36.93 856.47 1,497.82 
CAC 

Pure 357.01 247.80 9.66 614.48 415.20 318.38 18.29 751.87 1,366.35 
AFC 

i 
I HIC 309.84 248.07 9.36 567.27 409.95 284.i9 21.28 716.02 1,283.29 

The seconJ experiment is mt~ant to study the tracking behavior of the HIC 

under parametric and mocleling uncertainties. The HIC's tracking performance 
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is provided in figure 7.7. As it is expected. and unlike the pure CAC. the HIC 

shows a satisfactory performance even when. both. strudurecl and unstructurecl 

uncertainties coexist in the systt~IU 's <lynamics. Figure 7 .8 provides a comparison 

of the tracking errors of the HIC awl the pure CAC. In this cast_•. it is dear how 

the HIC outperforms its conventional counterpart. the pun· CAC. Like in the pure 

AFC. this figure also shows that the tracking errors of the HIC do not converge 

exactly to zero but they rnnvergc rather to a certaiu envdupe whirh is in the vicinity 

of zero. Again. we believe that this is mainly due to thf' fact. that the effect of the 

external ,listurhmH~e fodur p( t) bt•<·omc•s no longer uegligihlt'.. Tlw time-varying 

term p(t) depc11<ls on none uf the HIC"s inputs. awl h,·uc,• incn~asin~ n: violates a 

dose to zeru value of fi(t). which in turn invalidates cqnatiun (i.2G). Figure i.9 

shows the HIC·s computed torques for the two robots. 

The thinl experiment is meant to eompare the trackin~ p<'rformauce of the HIC 

to that of the pure CAC umler parametric uncertainties all<l varying llegrees of 

IU01leling uncertainties. This is achit•vcrl by letting er span a spt•d.rnm of values in 

the interval (0. 2.5j. The traking <'rrors of both controllers a.re pluttccl in figure 7.10. 

Again. the tracking superiority of the HIC over that of the pure CAC is very dear. 

The pure CAC shows very little tolerance to the increasing effect uf the modeling 

uncertainty mused by the increase of n. On the other hancL the HIC proves to 

be more robust and it shows a higher flexibility in tolerating. both. structured and 

unstructurecl uncertainties. Tl1t~ HIC's tracking errors ,h, not converge exactly to 

zero for relatively high values of n. This is mainly due to the hight!f impact of p( t) 

on the system ·s ,iynamics for high values of a. as explaint•cl earlier. However. even in 
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the presence of significant modeling uncertainties. the HIC·s tracking ability is still 

satisfactory as its tracking errors still converge to within the vicinity of zero. At the 

end of this st•ction. it is worth mentioning that in terms of CPU time requirements. 

the HIC provi(led an devcnfold improvement as compared to the AFC scheme 

proposed in Chaptf'r 6. This marks HIC doser to CAC in terms nf CPU time 

requirements while provic.ling much better trac.:king and stability performances 111 

the face l>f (·onsiderable structure(! and unstructured uncertainties. 

(a) 
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Figure 7.-t: Tracking PPrformance of the HIC in the Presence of Para.metric U nn·r­
tainties Only ( n = 0.) 
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Figure 7.5: Tracking Errors of the pure CAC and the HIC m the Pres~ncc of 
Parametric Uncertainties Only ( o: = 0.) 
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Figure 7.6: Compntccl Turques Using the HIC in the Presence of Parametric Un­
<:Prtainties Only ( n = 0.) 
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Figure 7.7: Tracking Performance of the HIC in the Presence of Parametric and 
Modeling Uncertainties (a= 1.) 
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Figure i.8: Tracking Errors of the pure CAC and the HIC m the Presence of 
Parametric and Modeling U nccrtainties ( o = 1.) 
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Figure 7.!J: C,)mputed Torques l'.'sing the HIC in the Presence of Parametric and 
~[0<ldin~ r·uc·ertainties ( lt = 1.} 
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Figure 7.10: The Sensitivity of the pure CAC Versus that of the HIC uncler Para­
metric Uncertainties and Varying Intensities of Unstructured Uncertainties. 
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7.6 Conclusion 

In this chapter. a decentralized adaptive HIC is propose,l for the control of multiple 

stronµ;ly coupled manipulators hanclling a c:ummon objt•d. Tlu~ cuntroller makes use 

of an innovative hierard1ical structure that consists of two adaptiv<~ control mo(l­

nlt~s: a nrnVt~ntional ont~ ancl a MIMO AFC which makes use of an unli1w adaptation 

sdwmf• to fully approximate the ovt~rall system ·s tlynamics starting from partial or 

no apriori knowledge of it. An innovative rule reduction technique is suggested 

bl ,lrastinilly ,lecrease the rnmputatioual complexity of the AFC module. O<'sirles. 

making tht• AFC module upr•rate at a lnw,·r han,lwidth than tlw conv,·ntional adap­

tive control module uf the HIC. tt'clt1ces the computational lmrdt•n t'Vt'll furthc•r. 

The proposed controller has been shown to he robust in the facl' uf a substantial 

amount l)f parametric and mocleling uncertainties and external ,listurbances with 

varying intPnsity levels. It has been proven that evPn nndt•r th,~ t•xistt'.llCf' uf these 

unn·rtaiuties and external disturbann•s in the system ·s <lynamics. the position ancl 

the inkrnal forces tracking errors still nmvergc tu zero. The pn•st•ut controller not 

only providc<l powerful tracking r:apabilities but has been also shown to be less 

t•xpensivc in terms of control efforts and computational rcquirenwnts. A hardware 

implementation of this controller coulcl not only benefit from this type of robotic 

structure but also other type of structures of similar mmplexiti,~s. 



Chapter 8 

Conclusions 

In this chaptt•r we provide the reader with a brief summary of this research work 

along with comments we were able to draw from it. We conduclt• th<· chapter. by 

providing some suggestions on possible extensions and further improvements l>f this 

work. 

8.1 Thesis Summary and Concluding Remarks 

In this thesis. we tackled the very complex control problem of closed kinematic chain 

mechanisms formed by two or more robotic manipulators grasping a common object 

and simultaneously carrying it along a predefined trajectory. This is a much more 

complex pruhlt~m than that of controlling a single robotic arm. The kinematic c.on­

straints present in cooperative manipulator systems contribute to the synchronized 

motion tJf the t•wl-dfectors involved as to track the predefined desired position and 

orientation of the payloa,l without losing contact of it. Due to the strong coupling 

159 
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of the manipulators in the closed kinematic chain mechanisms and as a result of 

the direct contact of tht~ end-effectors and the manipulated object. internal forces 

are generated in the medrnnical system. Consequently. the robotic manipulators 

have to be dynamically coordinated as to control these internal forces to avoid any 

possible physical dama~e to tlu-• load or to the manipulators· wrists/ end-effectors. 

Most of the research work that has tackled this problem so far using conven­

tional non-adaptive control techniques assumes a full knowledge of the system ·s 

tlynamics [i5. 76.142. 143]. This is usually an unrealistic assumption as most com­

plt·x systems. such as stron~ly rnnplt~cl rnoperative manipulators. arc subject to 

,litferent typt~s of varying uncertainties. As it is shown in Chapter -l. a convt•n­

tional non-adaptive control sehemc. such as the feedback linearization. is severely 

st•nsitive to evt•n minor dynamics imprecisions. Besides. it docs not allow simulta­

twous tracking of the payload ·s position/ orientation a1ul that of the internal forces. 

To overconw this problem. several conventional adaptive control strategies have 

hcen propose,l [-li. iO. 8-t. lO-l.105.125.126.139]. Although most of them were able 

tu achiev<' a satisfactory position/orientation tracking performance in the face of 

parametric (structured) uncertainties. their internal force tracking abilities were 

still very poor (6. 125. 135). Recently. a widely cited conventional adaptive con­

troller has been propose,! to simultaneously control the position/ orientation of the 

payload and the internal forces acting on it (70}. Although this controller is con­

sidered as a breakthrough in the area of cooperative manipulators control. it has 

been shown (in Chapter -1) that it can only achieve its control objectives when 

the system· s dynamics is free from any modeling (unstructured) uncertainties. such 
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as unmodelecl external disturbances for instance. In other words. the controller is 

robust tu only parametric unn.•rtaintics. 

Mrnlding imperfection of complex systems. such as closed-chain robotic manip­

ulators. is inevitable in many cases. Nut only are conventional adaptive controllers 

intolerant tll nnstrudured uncertainties. they also require an explicit linear param­

eterization uf the modeled uncertain dynamics parameters to exist. Although this 

condition is guaranteed for ewry robotic dynamic system. the derivation of such 

a linear parameterizatir~n may be quite complex and cumbersome. especially with 

c·ompl,~x ill-cldinc<l systems. It is important to mention that the effect of the un­

strncturecl uncertainties on the rnntroller·s tracking performance and stability is 

ignun·<l in must of the work on cunventional adaptive control of robotic systems. In 

a,lclition. it is tu the best of our knowledge that th.is is still an open area of research 

in whid1 no significant practical results have been achi<~vcd yet as far as strongly 

conple(l cooperative robots are concerned. This makes the development of a robust 

rnntrul approach for the incn~asingly ~·omplex cooperative manipulator systems a 

necessary skp tn keep up with the increasingly demanding design requirements of 

such systt•ms. 

Our main approach to tackle these (lifficult. yet important. problems is based on 

using adaptive soft computing based controllers. This choice. which is still unique 

nf its kiwi. is motivated by the excellent approximation capabilities of fuzzy logic 

systems all(l tlwir tl)lerance to. both. structured and unstructured uncertainties. 

~.foreowr. providing them with a systematic online learning mechanism gives them 

an ad,litional strength to automatically adapt themselves to time-varying operating 



CHAPTER S. CONCLUSIONS 162 

conditions making them even more suitable for the control of ill-defined systems. 

In Chapter 6. a clircd mo<lel-rcforence adaptive fuzzy controller (AFC) is de­

veloped for this purpose. Starting from no prior knowledge of the system"s dynam­

ics. the AFC automatically adapts itself lmline to better approximate the system ·s 

overall dynamics and generate the appropriate torques as to perfectly track the pay­

load ·s (lesin~,l position/ orientation trajectory and the internal force desirccl values. 

sinmltaneuusly. The clcsi~ned AFC is shown to achieve these control goals even in 

the presence! of significant parametric an,l modeling uncertainties. Its convergence 

azul stahility prnperties an'. also studit>,l through a Lyapunov stability approach. 

However. inspite uf the n,Lustness of this AFC awl its high tracking ability. it still 

suffers frum a few shorkomings: 

• Althou~h a rule-reduction technique is used to rlecrease the total number of 

rules nt~e1lecl for the AFC. it might still cause a substantial computational 

bnrclen to tht~ system as the number of rules required might still be too large 

to he tirc1l simnltancously within the dosed loop control system. 

• The AFC lacks the ability of inmrporating the already acquired knowledge 

of the system ·s dynamics as it initially assumes no prior knowledge of it. 

To O'lercnme these drawbacks.a hybrid intelligent controller (HIC) is proposed 

m Chapter 7. This knowledge based controller takes advantage of an innovative 

hierard1ical framework. which we <lesignc,l t-~xdusively for this purpose. to allow a 

conventional a,laptive controller ancl an adaptive fuzzy one to operate simultane­

ously. hut at <lifferent bandwidths. to ad1ieve the common overall control objective 

while incorporating any (partial) information already known about the system·s 
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,lynamics. Mureow'r. the HIC also makes use of another innovative rule-reduction 

sd1t•mt~. iutro,luc:ed in this work fur the first time. to significantly enhance the com­

putational req11ire1w~nt of the controller. As a matter of fact. the HIC uses only 

3-t 13~o of tlu~ numlwr uf fuzzy rules used by the pnre AFC developed in Chapter 6 

ancl an t•kvt>nfolcl improvement in tht~ CPU time consumption was observed. The 

H[C is also shown tu require lt>ss nmtrol dfort than the pure AFC and the pure 

CAC. In acldition to the high c~ontrul dfort and computational efficiencies. the HIC 

is prown to maintain a similar high tracking ability an<l stability properties to those 

uf the pnn~ AFC. All tlwsc asst'ts makP the HIC i1leal for a hardware implemen­

t.at ion. It is worth mentioning that although the applirntiun of the AFC and the 

HIC presented in chaptt•rs G and i has been rcstridecl to coopt>rative manipulators 

in this tlu·sis. it (:an bt~ t•asily extetulccl to cover a wicle range of electro-mechanical 

systems as well. It is important to point out that. to the hcst our knowledge. this 

rt>scarch work is the first of its kin,l in the area of aclvaneed control of l:oopcra­

tivt• manipulator systems. Yet. the results obtained have been very encouraging 

a.ncl would ,·,·rtainly upcn 1ww upportnnitics for tackling robot control of c:omplex 

strnc·tnr,·s in general. This bt•ing saicl. we still believe some improvements could be 

1hmc to make the approaches being cleveloped easily implementable in real world 

,·uvironments. 

8.2 Future Research Directions 

As with must rt'S(~arch efforts. this clisscrtation has possibly raised as many questions 

as it has solvecl. \Vt~ believe that the clifferent ie.lca.s awl techniques presented here 
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should provide a strong foundation npon whid1 researchers can buil<l upon and 

c~xtend. In the fc.)llowing. we present some potential future research directions to 

m1r current work. 

We strongly believe that the number of fuzzy rules use<l by the HIC can be still 

redur.Pd even further. A possibly large number of fuzzy rules have small significant 

firing strengths. An enhanc,~d rule reduction technique might use this fact to fire 

only those rules the firing strengths of which are higher than a certain predefined 

tlm·sholcl. It is worth mt•ntioning that a similar technique is wi<lely used in the 

an~a. of mmwrical li1war algd)ra tu anuihilatt~ some of the nonzero ekments caused 

by fill-ins whc•n compnt.ing tlw inverse! of largt~ sparst~ matrin·s. 

In this work. the mc·mbership fnndiuns used to fuzzify the inputs uf the fuzzy 

logic: systems are static. This is means that their parameters arc not adjusted. A 

pussihlt' improvement wunlcl be to ,lt•rive an a<lapt.atiun law to automatically tune 

the paramd<•rs of these membership functions online as we fli<l for the consequent 

para.meters uf tht! fuzzy logic systems. This extt~nsion might not be~ trivial though. 

Morcovt•r and along the same ,liredion. tlu~ fuzzy logic systems use<l in Chap­

ters 6 atHl 7 have the structure uf a zero-onler Sugeno system. As it is generally 

known. first-order Sugeno systems have higher function approximation capabilities 

than those of the zero-order. As a matter of fact. first-order Sugeno systems have 

been snccessfnlly applie<l in a large number of control applications. especially after 

the ,levdopmcnt uf ANFIS [-19] . .-\s a future work. one can try to clerive an adapta­

tion mec·hanism to automatically adjust the consequent parameters of a first-order 

adaptive Sugt•no system online. atHl then apply it to the control of single or multiple 
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manipulator systems. 

Another possible future! research cliredion is to apply a type-2 fuzzy logic sys­

tem to the control of cooperative robotic manipulators rather than the ordinary 

type of fuzzy logic systems. Type-2 fuzzy logic systems arc generally credited to 

be more insensitive· to parametric: an,l modeling impn?eisions than the orclinary 

fuzzy logic systems. lnspite of the rnpirlly growing interest in the applications of 

such systt•ms [13. 67]. th~ir theoretical foundatiuns are still considered in their in­

fancy state. Nevcrthdt~ss. we strongly believe that tht~ rcst•ard1 on tht! applications 

of these new powerful tuols of c:ompntational iutdliµ;t>UCP to singl«~ or coop,·rative 

robotic manipulator systems might leacl to novd rt~sults in this important tidcl. 



Appendix A 

Fuzzy Logic Controllers 

A.1 Fuzzy Sets 

Fnzzy sds art! the core of fuzzy logic basc,l controllers. By cldinition. a fozzy set is 

a set containing elements that have varying degrees of mt•mbcrship. unlikt~ dassical 

( ur nisp) sds where Ult'mbcrs of a crisp set woulcl not ht' mcmhers unlt~ss their 

membership was full in that set (i.e .. their membership is assigne,l a value of 1). 

Elements of a fuzzy set are mapped to a universe of memh<!rship values using a 

function-theoretic form. The function maps elements of a fuzzy sd into a real 

value belonging to the interval between O and 1. 

Definition A.1.1 A fu::zy .-~et is a set of ordered crisp pairs A= {(.c./LA(x)): x E 

X}. where X is a set of crisp values ancl is known as the u,11.nrer::.c of di:-:co·rtr.-;c_ 

an<l J'A ( .c) is a mapping from X to the unit interval [O. 1 j and is reforrecl to as the 

member:{htp f1tnction. 

166 
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In the thesis. we (lenote the membership function of any fuzzy set S as µs( • ). 

A.2 Fuzzy Set Operations 

To make fnzzy sets nsefuL fuzzy set operations and their corresponding operators 

have ht•t•u ddinccl. Lik,• iu crisp sets. the most use<l fuzzy set operations ai·1• tlw 

union. the intcr:;1•(·tiun aud the cumpkment. These operations are cl('Jlt>lt'(l hy IJ. 

fl ancl - (bar). respecti vdy. The union and the intersection opt•rntors are usually 

referred to as t-cnnorrn.,; and t-norm,s. respectively. 

In the following. we will consider that A. B. C. and D. to be four fnzzy sds. 

and .r: is an element of their corresponding universe of discourse X. 

Union The nuion of two fuzzy sets is a fuzzy set whose meml>t'rship function 

,lepends on the t-conorm ( also referred to as the s-rzorm) used. A t-nmorm oper­

ating on the two membership functions µA(·) and µa(·). is simply a two-parameter 

function .. ➔. uf the f~mn 

~ • [U. l] < [0.1] -t [0.1] 

.i: ~ /iAL!B(.c) = s(µA(x).µa(x)) 

Any t-conorrn function has to satisfy the following conditions [68]: 

L. Boundary Condition.:-:: s(l. l) = 1. and .s(J,A(.r:).O) = s(0.µ,4(x)) = l'A(x). 

i-i. CommILtatitrity: s(µA(x).µs(x)) = s(µs(x).µA(x)). 

m. AJotonocity: if l'A(x) 5 µc(x) and µs(x) 5 µo(x) 

then -~(µA(x).1,s(x)) 5 s(µc(x).µo(x)). 
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lnspifr of the wide variety of t-conorms discuse<l in the literature [18.19. 24. 40. 

100. 132. 136. 152}. only a few of them are commonly used. The following are the 

definitions of four of the most popular t-couorms: 

1. Union: 11..-1 v /1.B = max(/LA-JLB ). 

!\ 

2. Algebraic sum: µA + JLB = µA + µa - µA • µa. 

3. Dounclecl sum: JL.,t 8 Jl·B = min( 1. JL.-t + µa). 

4. Drastic sum: J'A \ /LB = 

JJ..,t. if /LB = 0 

if JL,,t =:; 0 

1. if /LA > 0 and µa > 0 

Intersection As in the case of the union. the intersection of two fuzzy 

sets is a fuzzy set whose membership function depe1nds un the t-norm used. A 

t-norm operating un the two nwmbership functions J'.,i( ·) and 11.a( • ). is simply a 

two-paramder function. t. l)f the form 

t : [O. l] ., [O. 1] _. [O. l J 

Any t-norm function has to satisfy the following conditions: 

l. Bmmdary Condition .. .;: t(O. 0) = 0. and t(µA(x ). 1) = t( 1. µA (.c)) = ILA (x ). 
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Like in the t-rnnorms case. there is a wide range oft-norms that have been used 

an<l tcstt•<l in the litt•ratnre [18.19.2-t.-t0.100.132.136.152]. but only a few of them 

a.re commonly used. The following arc the definitions of four of the most popular 

t-norms: 

l. lntt-rsection: /I.A /\ µa = min( 11..-4. JI.B ). 

3. Bl)tltl(ie<l procluct: JI.Al~) JLB = max(O. JI.A + 11.a - I). 

JL A . if /I. B = 1 

-l. Drastic pro<lnct: J'.-t • 11.a = 11.a. if JI.A = 1 

1. if µA < l and 1.1.a < 1 

Complement Another fundamt~ntal fuzzy sd operation is the n,mplement. 

The mmplt•mt•nt of a fuzzy set .4. is clenott•cl by A. Although several fuzzy comple­

nients have lwt•n cldint•<l in tlw litt-rature. the most commonly used one is known as 

tht~ nt'gatum complement. According to the negation complement. the membership 

function of the c~omplement of A is clefined as 

For 1letaile<l description. one may consult [68J. 

A.3 Structure of Fuzzy Logic Controllers 

The basic structure of an FLC is shown in figure A.l. A fuzzy controller is. generally. 
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Crisp : 
Input· 

Fuzzy Lot:ic Controller 
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Figun~ A. l: The Structure of a Fuzzy Controller. 
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l"lHllJH>st•<l uf thrc·,· cumplementary eumpun,~nts: a fu::::.'lji.t'r. an mfi:nnce engmc. ancl 

Fuzzification First. the FLC fnzzifics its c·nsp valued input vector .x = 

(.x 1 •.... rn)T ~ U hy mapping it into a fuzzy set in U. This is achieved by means 

of nwmh~rship functions store,I in the knowledge base. The fuzzifier is defined as a 

mapping from a nisp-valned input. from an observed input space. to labels of fuzzy 

sets in a spt~cifiecl input nni\·erse of 1liseonrse. The mapping is achieved through 

the membership fundiuns that span the universe of discourse. The linguistic labels 

uf tht' membership functions provide the controller with the power of computing 

with wor,ls ratht•r than with numbers. All the information about the universe of 
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,lisconrse. the nwmbership fun(·tions and their corresponding linguistic labels. 1s 

Tiu~ choice of the nu·mhership fnrn·tions used to fuzzify the universe of discourse 

is <T1H·ial for the uvt·r,ill mntrullt•r ·s accuracy and time dfkiency [!J3.129]. The most 

widdy nst•cl mt•mlwrship functions arc the triangular. trapczn·idal. Gau.-:$ian. and 

Ddl functions. 

Inference Engine Tht• inforem:e t~ngine simulates the mies stored in the 

k11orclrdq,· Im.,,·. Tht• rult• l,ast•. R = uf= 1 wn. is a union of L 1\.UMO fuzzy rules 

( alsu ca.lktl fuzzy t·uutrul statt ·mt ·nts.) Each rule takes t ht• following form 

Rill·. 11· v •. till l l v •. t(l) .·\ I lS .-i 1 an< ... anc .·'\ 11 IS .'1.n . 

( A. l) 
Tl }.• • [J(l) l l Y. • B(l) 

lt'Il l IS l ;uu . . . an< m IS m . 

ur 

If v • · t (l", I l \.. • · 4(1) 
.\J lS ."1 1 anc ... alll ..-\ 11 l!'i. n. 

(A.2) 

where tlw X, awl }·~. i = l. .... n and j = 1. .... m. with c:orrcsponding numeric 

valttt•s .r 1 an,l !Ji· arf• input linguist.ic variables. y = (y1 .... •Ym)T '::Vis the output 

. . . . t· l ' FLC 1 lll • - 1 ') B 10 • - 1 ') f t • \t c tor u t it .• '"ii • z - . -· .... n. i . J - . -· .... m. are uzzy sc s m 

[~ l 1 - • I l J") . 1 • f • 
'l an, ~ 1 . respective y. aw 

1 
• t = ..... m. 1s any unction m x 1. Xz .... . Xn-

Chnosin~ the appropriatP mks and membership functions is so important m any 

FLC as t llt'y diaractt'rize tlw input-output relation of the system. 

The fuzzy inference t•ngine can be rcgardecl as the kernel of the fuzzy controller. 

It. r~pn•st·uts tht• ,lecisiun making part uf it. as it has the capability of simulating 
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human decision making based on fuzzy concepts. and also of inferring fuzzy control 

adions t'mploying fuzzy implication a.wl fuzzy inference tedmiques. 

Two typical implication operations art> the min [7i. 781 and the p-rodLLct [62} 

fuzzy implication opt>rations. They arc (ktim~cl as 

mui: 

product: 

µ_-4--a(.r.y) = miu(/L.,t(x).µB(y)). 

µA-a(.r. y) = JLA(x) "l'B(y). 

Generalized moclus ponens plays an important role in fuzzy reasoning. A gen­

t'ralizt'cl form of the modus ponens ('all ht• writfrn as follows: 

Prrmz.-;e I R: IF r. is A THEN y is fJ 

.r. is A' 

Conclu..-:ion y is []' 

where A. A'. B and B' are fuzzy predicates ( fuzzy sets ur relations). B' is then 

B' A' 0 R = A' ,:, ( .4. --.. B). ancl 

l' 

where O is tlw superstar compositiun upt>rator [6-t. 149J. and * denotes the t-norm 

operator nsc<i. 

Defuzzification The defuzzification process is a mapping from the output 

univrrse of ,lisnmrse to a non-fuzzy ( i.e.: crisp) output space. This process is 

necessary because. in real life. a crisp value is needed to actuate a control action. 

For instance. this value may represf'nt the current. or voltage. input to an electric 

,levic:e: or the spee,l. or force. for an mechanical device. 
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Several defuzzification met hoc ls are c.liscusscd in tht~ literature [23. 6-1.137]. Out~ 

nf the nwst popular techniques is that which we have been using throughout our 

expt~riments. It is called the ccrzlt.'r of arra ( COA). or the center-average. tlcfuzzifi­

cation method. St~ppose that the membership functions aggregatiun process. per­

formt~d through the infrrencing of the rules. resulte,l in an amegated nu~mbership 

function 11.c, ( ·) for output Yi· j = 1. .... m. Then. applying the COA defuzzifka­

tion strategy tu µc, ( •) yiel<ls to a crisp output value 

(A.3) 

A major drawback of tlw CO..\ mdlwd is that it is t~x1wnsivt· tu cumputt~ and henn~ 

it may lead to rat her slow infrn~nce q·des. 

A.4 Types of Fuzzy Inference Systems 

Thcr.--- are three basic types of fuzzy inference systt~ms: the Mamdam. the Srtgc1w­

Takagi. and the T.•mkomoto [ 118] systems. They a.re basically tlw main compont•nts 

of a given fuzzy system to provide for the approximate decision signal. The first 

two types are the ones most commonly used in today·s intelligent ,:ontrol systems. 

The Mamdani Fuzzy Inference System The fuzzy rules in the M,uU<lani 

inference system are in the form given by equation ( ..\.1 ). In this type. the qual­

ified output of each fuzzy rule is obtained by computing its correspon,ling firing 

strength and the output membership function. After that. the overall fuzzy output 

is t•xtracted by applying any t-norm and t-conorm operators to the qualified fuzq 
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outputs. To extract a crisp value from the aggregated output membership func­

tion. a defuzzification technique is applie,l. For instance. if the COA clcfuzzification 

method is used. the crisp output vector y of the FLC is cleterminecl by applying 

equation (A.3). 

The Takagi-Sugeno Fuzzy Inference System The rnles in the Takagi­

Sngeno inference system [108] arc in the form of equation (A.2). Since the conse­

quent of each rule is a crisp value. there is no need for a <lefuzzification process in 

such a type of controllers. Hence. the overall output of the system is a weightecl 

sum of the consequents of the rules. ancl it can be exprPsst~d as 

where l is the rule index and (-r(l) is the truth value ( or firing strength) of rule l. 

The •~xpn~ssion of nlO is giw~n hy 

n 

n:11) = fI,,A:o(£i) = l'A~1,(xi) * l'A~n(x:d * • •• * ,,_4~1(xn). 
i=l 

when~ * staruls for the t-norm upcrator. 



Bibliography 

[l] C. 0. Alford ancl S. M. Belyeu. Coordinated control of two robot arms. In 

Proceeding.-. of IEEE lnternatinruzl Conference on Robotics and Automation. 

pp. -168 -l 73. March 198-l. 

(2] A. M. Annaswamy. F. P. Skantze. an<l A. Loh. A,laptivc control of continuous 

time systems with convex/concave parametrization. A·utomatica. vol. 3-l. no. 

1. pp. 33- -t!J. 1998. 

[3] P . .J. :\ntsaklis and K. M. Passino. Eds. An fotrmfoction to lntelligrnt awl 

.41Lt01wm0tt~ Control. Kluwer Academic Publishers. MA. USA. 1993. 

[-t] E. Appleton an,l D .. J. Williams. Industrial Robot Application.,;. Open Uni­

versity Press. 1987. 

[5] K . .J. Astrom and B. Wittenmark. Adaptive Control. Addison-Wesley Pub­

lishing. 1989. 

[6] M. Bergerman. Y. Xu. and Y. H. Liu. Robust control of cooperative un,ler­

ac:tuatt>,l manipulators. In Proceeding~ of th~ 1998 IEEE/ RSJ lntematiomzl 

175 



BIBLIOGRAPHY 176 

Conference on Intelligent Robot.-; and Systems. pp. -t-13--1-18. Victoria. BC. 

Canada. 1998. 

[7} S. P. Chan. A neural ndwork compensator for uncertainties in robotic as­

semhly . .Journal of lntdligeut arid Robotic Sy~tem~: Theory and Applications. 

vol. 13. no. 2. pp. 12i -1-l l. 1995. 

[8] Y. C. Chang and B. S. Chen. Robust tracking designs for both holonomic 

and nonholonomic constrained mechanical systems: adaptive fuzzy approach. 

IEEE Tm11.-,actww: on Ftt::zy Sy~tem.~. vol. 8. no. l. pp. -16-66. 2000. 

la] X. Cht>nng. On-line· rollision frf'e path planning for service and assembly 

tasks by a two-arm robot. In Prnceedings of IEEE !ntt'n1atio11al Conference 

on Roboric.~ and A tLtomatwn. pp. 1523-1528. 1995. 

[10] P. Chiacchio. S. Chiaverini. L. Sciavicco. and B. Siciliano. Task space dynamic 

analysis of nmltiarm systf'lll configurations. International .lortrnal of Robotic~ 

Rt':,rnrrh. vol. 10. no. 6. Decl'mber 1993. 

[ 11] ~I. H. Choi. M. S. Kn. ancl B. H. Lee. Optimal loa,l distribution for two 

cooperating robots using force ellipsoid. Robotica. vol. 11. pp. 61- i2. 1993. 

)2] M. K. Ciliz and M. Tomizuka. Modeling and compensation of frictional uncer­

taintit~s in motion control: a neural network based approach. In Proceedings 

of the American Control Conference. vol. 5. pp. 3269-3273. 1995. 



BIBLIOGRAPHY 177 

[13j C. Davis and P. Y. Peng. Reinforcement tuning of type ii fuzzy systems. In 

Prncr.cding.-: of the .4menc,m Control Conference. pp. 2315-2319. San Diego. 

CA. USA. 1999. 

[14} A. De Luea and C. Manes. Hybrid force/position control for robots in contact 

with rlyna.mic environments. In Procrrding::: of Robot Control SYROCO 91. 

pp. 377 382. Vienna. Austria. 1 !)91. 

[ 15] C. W. tic Silva. lntell-igent Control Frtzzy Log-ic Applications. CRC Press. 

l!Ja5. 

[ 16] A. Dt•lga1lu. C. Kambhampati. and K. Warwick. Dynamic recurrent neural 

ndwurk fur system identification ancl control. In IEE Proceedings of Control 

Therwy and Application.-.. vol. 1-12. pp. 307 -31-l. 1995. 

[17] W. F. Dt'lling«·r and .J. N. A11<h-rsun. Intt>rac.:tive force dynamit·s of two robotic 

manipulators grasping a nonrigi,l object. In Proceedings of IEEE Interna­

tional Confcrrnce on Robotic~ awl A 1Ltornation. pp. 2205-2210. 1902. 

[ 18] .J. Dom bi. A general dass of fuzzy operators. the demorgan class of fuzzy 

operators and fuzziness measures induced by fuzzy operators. Fuzzy Sets and 

Sy.-;lfm.-.:. vol. 8. pp. 149-163. 1982. 

[19] D. Dubois and H. Prade. FiL::zy Set.~ and Systems: Theory and Applications. 

New York: Academic Press. 1980. 



BIBLIOGRAPHY 178 

[20j .J. Duffy. The fallacy of modern hybricl control theory that is based on ·orthog­

onal complements· of twist a.nrl wrench spaces. Journal of Robotic Systems. 

vol. 7. no. 2. pp. 13!) -14-t. 1990. 

[21] M. Dunne. An advanced assembly robot. Industrial Robots. vol. 2. pp. 249-

262. 1979. 

[22] R. Fierro ancl F. L. Lewis. Control of nonholonomic mobile robot using neural 

networks. IEEE Tra.n . ..;riction.-: on Nrnral Networks. vol. 9. no. 4. pp. 589-600. 

1 !:198. 

!_23] D. P. Filev ancl R. R. Yager. A generalizccl dcfuzzification method via BAD 

distrib11tions. lritn,rntiorud Journal of lntdtigent System . ..;. vol. 6. no. 7. pp. 

687- Ga7. 19!J l. 

[2-1] M . .J. Frank. On tlw simultaneous asso,·iat.ivity of f(x. y) ancl x + y - f(r.. y ). 

Anflllllumr:-; iW,zth .. vol. 19. pp. UJ4-226. 1979. 

[:!!Jj E. Fn·und. Qpc•unpling and pole assignment in nonlinear systems. Electronics 

ldtrr.-.. vul. 9. 110. 16. pp. 373-37--1. 1973. 

[26] E. Frcnncl. The structure of decoupled non-linear systems. International 

.Journal of Control. vol. 21. no. 3. pp. -143--150. 1975. 

[27j E. Frenncl. Fa.st nonlinear control with arbitrary pole placement for industrial 

robots ancl manipulators. International Journal of Robotic Research . . no. 1. 

pp. G5- 78. 1982. 



BIBLIOGRAPHY 179 

[28] E. Freund and H. Hoyer. Pathfincling in multi-robot systems: solution and 

applications. In Proceeding . .: of IEEE International Conference on Robotics 

and Automation. pp. 103 · l l l. l 986. 

[29J E. Freu[l(l and M. Syrbe. Control of industrial robots by means of micropro­

n~ssurs. In lcctn1't' Nofr.-: m Control and lrifm,rwtion Sci.nice.-.. pp. 167-185. 

Spriu~cr-Verlag. New York. l9i7. 

[30} S. Fujii a1ul S. Kurono. Coonlinatccl computer control of a pair of manipu­

laturs. In Proct~diny.-; of the fonrth World Cortgre..:.-. of the folfmational Fed­

t'ration for Thrnry of Madiim·.-. awl i\tlecluzni:mi .... ( /FToMA[). pp. 411-417. 

LG'i5. 

[31] S. S. Gt~ and C. C. Hang. Dircd adaptive neural network control of robots. 

/nt,·nwtiorrnl ./01t1wzl of Sy . .:tfm.-. Snena. vol. 27. no. 6. pp. 533- 542. 1996. 

[3~] M .. J. Grimhle. Mod,·/ Refr:rrnCf' Adaptive Control. Prt'.ntice Hall. 1!)02. 

[33j W. Gue-aid>. F. Karray. a11<l S. Al-Sharhan. A robust adaptive fuzzy posi­

tion/forcP control scheme for cooperative manipulators. IEEE Transactions 

rm Control Systems Technology. (Submitted). 

[3--l] W. Gueaieb. F. Karray. and S. Al-Sharhan. A robust hybrid intelligent posi­

tion/force eontrol scheme for cooperative manipulators. IEEE TranBact·ions 

mz Robotic:: and Automation. (Submitted). 

[35} W. Gneaieb. F. Karray. anrl S. Al-Sharhan. Computational intelligence based 

apprnach for tlw joint trajcdury gPneration of cooperative robotic systems. 



BIBLIOGR.APHY 180 

In Prnceeding ... of the IEEE lnteniational Conference on Systems. }Jan and 

Cybernetic .... pp. 3G87 3GD2. Nashville. TN. USA. 2000. 

[36} W. Gueaid). F. Karra.y. atul S. Al-Sharhan. An a<laptive fuzzy control ap­

proach for roupcrntive manipulators. In Prru:t'.t~dings of the 2001 lnternat-ional 

SymposttLm on fotdliyrn,t Control ( /S/C'OJ ). 2001. (Snbmitted). 

[3i] W. Gucaieh. F. Karray. and S. Al-Sharhan. A roLust hybrid intelligent po­

sition/forct' rnntrol sdwme fur cooperativt~ manipulators. In Proceeding:3 of 

thr• IEEE !nt,·rrrnfimwl Conft:rt'na on Robotic. .. ,md A 1ttomati01z. Washington 

DC. USA. :!IHI~. (Sulnnit.t<'cl). 

[38) W. G1wait•h. F. Karray. and A. K. C. Wong. Computational intelligt~ncc~ hasecl 

approadt for the joint t.raj,~ctury generation of ,·oupcrative robotic systems. 

Journal of S.11.,fnTJ., Awily.-.i .... Madding ,wd Sirnulatirm. (To appear). 

[39j W.G. Guo. S. Kumada. M. lshicla. awl T. Huri. Coonlinated motion of 

two n·,l11n1lant manipulators hy simple hybrid position/force contrullt•r with 

1list11rhann· ubst'rvcr. In Proct:eding$ of the IEEE Intcniational Conference 

on lnd1t ... trwl Ta·hnolog·y ( ICIT'96). pp. 493 ---197. U)96. 

[-t0j H. Hamacher. liher logische verknupfungen uuscharfer aussagen und deren 

z11µ;d1i:>rig,· lJt'W<'rtungsfonktionen. In R. Trnppl. G .. J. Klir. and L. Ricciardi. 

Eds .. PmgT"f ....... ut Cylwmdic., and Sy:.tems Re:3earch. pp. 276-288. Washington 

DC. USA. l!Ji8. 



BIBLIOGRAPHY 181 

[-H] A. Hemami. Kinematics of two-arm robots. IEEE Jonrnal Robotics and 

A,domation. vol. RA-2. no. -l. pp. 225 -228. 1986. 

[.t2] H. Ht-~mami and B. \Vyman. Indirect control of the force of constraint in 

clynamic system. Tmn.-:nction~ of the AS1\t!E . .loumal of Dynarnic System.-.. 

Mea~1iri:mrnt awl Control. vnl. 101. nu. -l. pp. 355 -360. 197n. 

[-13] B. Hu,lges. lwiu.-:truzl Robotic . .;. Nt~wnes. 1992. 

(44} .J. Hod. Sl)me variatinns of Lee"s algorithm. IEEE Tmn-.adion.-: on Comput­

a.-:. vol. 25. no. l. pp. 19 24. U)iG. 

[-15] N. Hogan. Impc(lance mntrul: An approach to maniµnlation. part 1 - theory. 

part 2 - implt-•mentation. part 3 - application. .lrmrwil of Dy1lamic System~. 

Afra.-.·un·ment and Cmitrol. vol. lOi. pp. 1-2-l. 1!)85. 

[-l6] F. Y. Hsu ancl L. C. F11. lntt'lligent n,bt)t deburrinµ; nsin~ a.,laptive fuzzy hy­

brid position/furn· ,·ontrol. / EEE Tmn-:,utimi . .; on RobotLc.-: awl .4 utmnatirm. 

vol. 16. no. 4. pp. 325 335. :WOO. 

[47] Y. R. Hu an<l A. A. Goldenberg. An adaptive appruad1 to motion and force 

control of multiple coorclinatcd [l)bots. Tran-:n.dzon.-i of the ASME. J011,n1al 

of Dynamic Sy.-items. Mea.-:urement and Control. vol. 115. no. 1. pp. 60-69. 

1993. 

[-l8] V. D. Hunt. Undcr.-itanding Rnbotic.-i. Aca,lemic Press. 1990. 



BIBLIOGRAPHY 182 

[49} .J. S. R . .Jang. ANFIS: Adaptive-Network-based Fuzzy Inference System. 

IEEE Transactions on System .... Alan and Cybernetic~,,;. vul. 23. no. 3. pp. 

665-685. 1993. 

(50j .). S. R . .Jang. C. T. Sun. and E. Mizutani. Ne·uro-Fuz:;y and Soft Comprtt-ing. 

Prentice Hall. 1997. 

[51] K. Jezernik. B. Curk. aucl ,J. Harnik. Ohst~rvcr-basc<l sliding mode rnntrol of 

a rubotie manipulator. Robotica. vol. 12. pp. -143 448. 1994. 

[52j M. Kahn and B. Roth. The near-minimum-tinw control of upt•n-loop artic­

ulatt~tl kinematic chains. Tnm ... action,,; .4SME . .lounrnl of Sy ... tnn ... Jfras1trr­

mmt and Control. vol. 93. pp. 16-1-172. UJ72. 

[53] F. Karray. W. Gueaich. and S. Al-Sharhan. Soft computing tcdmiques as 

applied to expert tuning of PIO controllers. IEEE Trrm:Hu.·tion.,,; ,m Sy ... tnn.-.. 

Man awl Cybemdic::. (To appear). 

[54] F. Karray. W. Gneaieb. and S. Al-Sharhan. Soft computing tt?chniques as 

applic<l to expert tuning of PIO controllers. In Proceeding ... nf the :!000 IEEE 

International Sympos-i'lLm on Intelligent Control. pp. 91-96. 2000. 

[55j H. Kazerooni. T. B. Sheridan. and P. K. Houpt. Robust compliant motion for 

manipulators. part 1 - the fundamental concepts of c:ompliant motion. IEEE 

Jormrnl of Robot·ics and Automatim,. vol. RA-2. no. 2. pp. 83-n. 1986. 



BIBLIOGRAPHY 183 

[56] A .. J. Koivo. Adaptive position-velocity-force control of two manipulators. 

In Procee,lings of the 84th. IEEE Conference on De,:i .. ,ion and Control. pp. 

334-337. Lauderdale. FL. 1985. 

(57] S. Komada. T. Kimura. M. Ishida. and T. Hori. Robust position control 

of manipulators bascll on disturbance observer and inertia. identifier in task 

space. In Proceedings of 4th IEEE International Wnrk.-;Jwp on Advanced Mo­

tion Control - AA-IC "96 - MIE. vol. 1. pp. 225-230. 1996. 

(58] S. Komada. T. Miyakami. M. Ishida. and T. Hori. Simple control strateµ;y 

of reclnndant manipulators by disturbance observer. [n Procet:dings of the 

1996 IEEE I ECON. ~2nd International Conferenr·e on lrnfo.~trial El,xtrrmic.-:. 

Control. and In.-:tr1Lmentat'ion. vol. 3. pp. 1884-1889. 1996. 

[50j S. Komarla and K. Ohnishi. Force feedback control of robot manipulator by 

the acceleration traeing orientation method. IEEE Tnmsnction . ..; on lndn.-:trial 

Electronic.-:. vol. 37. no. •l. pp. 6~12. 1990. 

[60] E. Kwan and M. Liu. An adaptive fuzzy approach for robot manipulator 

tracking. In Proceedings 1999 IEEE International Symposi-um on Comp·u.ta­

tional Intelligence in Robotic$ and Automation CIRA ·99, pp. 53-58. 1999. 

[61] W. Kwon and 0. H. Lee. Optimal force distribution of multiple cooperatng 

robots using nonlinear programming dual method. In Proceedings of IEEE 

International Confrrrnce on Robotics and Automation. pp. 2408-2413. 1996. 



BIBLIOGRAPHY 184 

[62] P. M. Larsen. Industrial applications of fuzzy logic control. International 

.ln1wnal of !vfon-!vfochine St'Ullie.-.. vol. 12. no. 1. pp. 3-10. 1980. 

[63} B. H. Lee and C. S. G. Lee. Collision-free motion planning of two robots. In 

Proceedings of IEEE lntemational Conference on Robotics and Automat-ion. 

pp. 21 32. 1987. 

[6-lj C. C. Lee. Fuzzy logic m control systems: Fuzzy logic controller. IEEE 

Tnm.-.actions on Systems. Man awl Cybemetics. vol. 20. no. 2. pp. 404-435! 

1990. Parts I an,l II. 

[65) F. L. Lewis. K. Liu. and A. Ye~ilclirck. Neural net robot controller with 

guarantecrl tra,~king pt>rformann•. IEEE Tran.-.actions on Neural Network..... 

vol. 6. no. 3. pp. 703-715. 1995. 

[66] Q. Li. A. N. Poo. C. L. Teo. and C. M. Lim. Developing a ncurocompensator 

for tlw adaptive control of robots. In IEE Proceeding8 of Control Theory and 

Application.-.. vol. 1-12. pp. 562 -568. l!l95. 

(67] Q. Liang and J. M. Mendel. Interval typc-2 fuzzy logic systems: Theory and 

design. IEEE Transactions on FlLzzy Systems. vol. 8. no. 5. pp. 535-550, 2000. 

[68] C. T. Lin and C. S. G. Lee. Neural Fnzzy Systems: .4 Nrnro-Fuzzy Synergism 

to fotdiigerzt Systems. Prentice Hall. 1996. 

[69} Y. H. Liu an(l S. Arimoto. Distributively controlling two robots handling an 

object in the task space without any communication. IEEE Transaction$ on 

.41Ltomatic Control. vol. -ll. nu. 8. pp. 1193-1199. 1996. 



BIBLIOGRAPHY 185 

[iO] Y. H. Lin and S. Arimoto. Decentralized adaptive and nonadaptive posi­

tion/force controllers for redundant manipulators in cooperations. Interna­

tional .Journal of Rnbotic . .:. Research. vol. 17. no. 3. pp. 232-24i. 1998. 

[ill Y. H. Liu. S. Arimoto. V. Parra-Vega. and K. Kitagaki. Adaptive dis­

tributed cooperation controller for multiple manipulators. In Proceed·ings 

1995 IEEE/RS./ International Conferencr on Intelligent Robots and Systems. 

Human Robot /ntcradion a.nd Cooperative Robots. vol. 1. pp. 489-494. 1995. 

[72] Y. H. Liu. S.S. Arimoto. and K. Kitagaki. Adaptive control for holouomically 

constrained robots: time-invariant and time-variant cases. In Proceedings of 

1995 IEEE International Confe.rrn.ce on Robot-it-$ and A·tttomation. vol. 1. pp. 

005-912. U)!)5. 

[73] T. Lozano-Pt'•rez and M. Wesley. An algorithm for planning collision free 

paths among polyhedral obstacles. Comm1tnicn.t·ions ACM. vol. 22. no. 10. 

pp. 560 570. l!J79. 

[74] .J. Y. S. Luh and Y. F. Zheng. Constrained relations between two coordi­

nated inclttstrial robots for motion control. lntemat-ional Jo-urnal of Robotics 

Research. vol. G. no. 3. pp. 60- iO. 1987. 

[75] Z. Luo and M. Ito. Control design of robot for compliant manipulation on 

dynamic environments. IEEE Transact-ions 011. Robotics and A utomat-ion. vol. 

9. no. 3. pp. 286-296. 1993. 



BIBLIOGRAPHY 186 

[76] Z. Luo. Y. Uematsu. K. Ito. A. Kato. and M. Ito. On cooperative manipula­

tinn uf ,lynarnic objed. In Prncuding:: of IEEE/RS] lnfrmational Conference 

mz lntdligmt Robot., and Sy:-trn1-, ( !ROS ·94 ). vol. 2. pp. 1064-71. 1994. 

[77] E. H. Mamdani. A<lvances in the linguistic synthesis of fuzzy controllers. 

/nfrTnatunwl .lo1Lr11al of .\Jrm-Afochim? Stud·ic.-.. vol. 8. no. 6. pp. 669-678. 

1 Qi 6. 

[7Sj E. H. Mamdani. Application of fuzzy logic to approximate reasoning using 

lin~nistic systt•ms. IEEE Trmw1,·twn.-. on Computer.-.. vol. C-26. pp. 1182-

1191. 19i7. 

[i~l] R. V. Mayor~a an£l A. K. C. Wong. A robust method for the rnncurrent 

motion planning of multi-manipulators systems. Journal of Intelligent and 

Rn hot u· Sy:~trm.,: Thcnry and .-lpplicatwn.,. vol. 19. no. 1. pp. 73 -88. 1997. 

:so) R. K. ~1ncli and N. R. Pal. A self-tuning fuzzy PI runt.roller. F11,z::y SeL,; and 

Sy.,tnn..,. vol. 115. no. 2. pp. 327 -338. 2000. 

rg 11 ~L A. :'Jahon an<l .J. Angdes. Real-time force optimization in parallel kine­

mati<~ chains under inequality constraints. IEEE Tran .. ,actions on Robotics 

awl ...t utomatzon. vol. 8. no. 4. pp. 439-450. 1992. 

:82] Y. :'Ja.kamura. K. ~agai. and T. Yoshikawa. Mechanics of coordinative manip­

ulation by multiple robotic mechanisms. In Proceed-ing., of IEEE International 

Confarnce on Robotic., and .41Ltomation. pp. 991-998. Raleigh. NC. 1987. 



BIBLIOGRAPHY 18i 

[83J M. Nakao. K. Ohnishi. and K. Miyachi. A robust decentralized joint control 

hasc<l un interfen·nce estimation. In Proceedings of the 1987 IEEE /nterna­

twrrnl Corzft'rr.nn· on Robotics and Automation. vol. 1. pp. 326-31. Raleigh. 

NC. 1as,. 

[84] T. Nauiwa. S. Arimoto. awl V. Parra-Vega. A modd-base<l adaptive rnn­

trnl sdlt'nll' for n,or,linatc,I control of multiple manipulators. In Proceedings 

of IEEE RS.I lntcmational Conference rm Intelligent Robot ... and Systems 

f IROS"94 J. vul. 1. pp. 695- i02. Mnnidt. Germany. 1994. 

[85] K. Nan·wlra and K. Parthasarathy. I«lt•ntification an<l control of dynamical 

sysfrms nsinµ; nr-ural nl'tworks. IEEE Tran.•uzdinn.-. on NPnml Network.-.. vol. 

1. 110. 1. pp. 4 2,. 1ano. 

1861 D. E. Orin a111l S. Y. Oh. Control of forn• ,listrihntion in robotic mechanisms L • 

t·untaininµ; dost~cl ki1u~matic chains. Trrm.-.action . ..; of the .4SME Journal of 

Dy1lan11,· Sy.-.fnn.-. Mrn.-.:1trr.mrnt and Control. vol. 103. no. 2. pp. 134-141. 

1081. 

[87] G. Oriulu. G. Ulivi. aiul M. Vendittdli. Real-time map buil<iing and nav1-

µ;atiun fur autonomous robots in unknown environments. IEEE Tran~actions 

011 Sy.-.trm .... Jfon. and Cybernetics. vol. 28. no. 3. pp. 316-333. 1998. 

[8Sj E. Paljug. X. Yun. and V. Kumar. Control of rolling contacts in multiple 

rob• ,t.i•· manipulation. In Proceedings the International Conference on Ad-

1·,mn-rl Rohntic.,. pp. 591-596. 19!:H. 



BIBLIOGRAPHY 188 

[89] E. Paljun~ an,l X. Yun. Exp<·rimental study of two robot arms manipulating 

large uhjcds. IEEE Tnm . .;adum.-. on Control Sy.-.tt>m.-. Tt'<~lmology. vol. 64. 

pp. 21 30. 19!)-l. 

[90] .J. C. Parrish all(l D. L. Akin. The ranger tdcrobotic flight experiment: Mis­

sion. tcdmolo~it•s. a.llll pru~rammatics. In Laura ..\. Demsetz. Eel. Robotic:_. 

For Chalfrugmg Emrzrrmm.rnt.-.. pp. 136~ 1-12. American Society of Civil Engi­

nt•crs. 1996. Pron•t•clinv;s of RCE II. the Second Conference. 

[!Jll K. M. Passim) ancl S. Yurkovich. Fu::.::y Control. ..\clclison-Wesley. l!)!JS. 

[9~] R. P. Paul. Problt'ms a11<l researc-11 issut's associate,l with the hybrid control 

1lf fnrcr ancl cli:.;plan•m,•nt.. In Proffr·dmg.-. th,· IEEE /nfrrnntional Cnnft'rt'Tll'f 

on Robotic.-. a.nd AntmruzfMn. pp. ln66- 1971. 1987. 

:03] W. Pc•1lrycz. Why trian~nlar nwmbership functions? FIL::::y Set..;; and Sy.-.tcrn.-.. 

Vt)l. 3. no. 2. pp. 177 · 188. l!Ja5. 

:94] ~I. H. Railwrt and .J. .J. Crai~. Hybricl position/furn· control of manipulators. 

AS.\IE .lnurwzl of Oy11(unz,· S_,,.-.tt>m.$. Afra...-1Lrcmcnt and Control. vol. 102. pp. 

126 -133. ms 1. 

~!J5] ..\. K. Ramaclnrai. T .. J. Tarn. antl ..\. K. Dejczy. Task definition. decoupling 

ancl rt>clnnclancy n·solntion hy nonlinear frctlback in multi-robot object han­

tlling. In Procenii11g.~ nf tlu 1992 IEEE lntF.mationnl Conference on Robotic~ 

mui A rdomatum. pp. -167 --4 7-t. 1992. 



BIBLIOGRAPHY 189 

[96j P. Ramaswamy. R. M. E(lwards. and K. Y. Lee. An automatic tuning method 

nf a fuzzy logic controller for nuclt·ar readors. IEEE Tra1t._-.action._-. on Nuclear 

Scfrncc. vol. 40. no. -t. pp. 1253 1262. 1993. 

[97] A. Rojko and K . .Jczt~ruik. Disturbance n·jcction by pi t>stimator in position 

robot control. In ProcrFdmg.-- of ISIE '99. IEEE !ntt rmztimzal Sympn.-.i1Lm on 

lndu..,truzl Elatronfr .... vol. 3. pp. 1056-1061. 1!)99. 

[98] W . .J. Ruµ;h. Analytical fra111t~work for ~ain schduliug. IEEE Control Sy$tnn __ ~ 

Jfaga=inr. vol. 11. no. 1. pp. 7G 8-L 1~91. 

[99] ..\. Satfintt.i. Rt)hot naviµ;atit>n nn,kr approximate• self-11.,calizatiun. In F. Pin. 

M .. Jamshi,li. and P. Da11d1t•Z. Eels .. Rnbofu· ... m,d Manufndrirmy "°'· 6 

PrnCt't'dmg ... nf the 6th lnftT1wtumal Sympn.,rnm ( /SRA.M). pp. 589--594. 

:\SME Pn·ss. Nc~w York. NY. USA. l !)96. 

[100] 8. Schwt~iser awl A. Sklar . ..\ssociativt' fundions a11<l statistical trianp;le in­

t'(tnalities. Publ. .\foth .. vol. 8. pp. 169 -186. 1961. 

[101} X. Shi and P .. J. A. LevPr. Fuzzy behavior integration an,l action fusion for 

rohotic excavation. IEEE Tmn.-:adinn.., on lndzt.--tr-ial Efrdrom.r.-.. vol. 43. pp. 

39-402. 1996. 

[102] X. Shi. P . .J . .-\. Lt'Ver. and F. Y. Wang. Experimental robotic t•xcavation 

with fuzzy logi(· anti neural networks. In Pror:ecding.-- of IEEE International 

Cmifr:rrnrr on Robntic~ and A. rdnmatznn. pp. !)5 7 9G~. UJD6. 



BIBLIOGRAPHY 190 

[103] T. Shibata and T. Fukuda. Coordination in evolutionary multi-agent-robotic 

system using fuzzy and genetic algorithm. Control Engineering Prnrtice. vol. 

2. no. 1. pp. 103-111. 1994. 

[10-t} J. E. Slotinc and W. Li. On the adaptive control of robot manipulators. The 

lntnwitional Journal of Robotic Re.search. vol. G. no. 3. pp. 49-59. 19Si. 

(105] C. Sue ancl Y. Stepanenko. Adaptive sliding mode coordinatetl control of 

multipJ.., roLot arms attached to a constrained object. IEEE Trrm8adion.~ rm 

System.-.:. Man and Cybernetics. vol. 25. pp. 871 -8i8. 1995. 

[l0GJ H. Suh ancl K. G. Shin. Coonlination of clnal robot arms using kinematic 

rPclundancy. In Pro,·t>edirzg~ nf IEEE !ntrn1atumal Conferrru:e nrz Rnbnt tc.-: 

awl .4 utomation. pp. 504-509. 1998. 

[107] F. C. Sun. Z. Q. Sun. an<l G. Feng. An adaptive fuzzy controller based on 

slicling mo«le for robot manipulators. IEEE TraH.-.actions on Sy.~tnn.-.:. Afo.n 

and Cybt'mt'lic.-.:. Part B (Cybernetic.~). vol. 29. no. 5. pp. 661- 66i. 19g9_ 

[108] T. Takagi and M. Sugeno. Fuzzy identification of systems and its applica­

tions to modelling and control. IEEE Transactions on Systems. Man. and 

Cybernetic~. vol. 15. no. 1. pp. 116-132. 1985. 

[109] M. Takahashi. Biomedical applications of fuzzy logic controllers. In Pror.ccd­

mg.~ of the International Conference on Fuzzy Logic and Ne'Ural Ndworb. 

pp. 553-5:jG_ .Japan. 1990. 



BIBLIOGRAPHY 191 

[110] G. Tao. On robust adaptive control of robot manipulators. Automatica. vol. 

28. no. -1. pp. 803-807. 1992. 

[ 111] T .. J. Tarn. A. K. B~jczy. all<l X. Yun. Design of dymanic control of two 

cooperating robot arms: Closed chain formulation. In Proceedings of the 

IEEE lntemational Conferrncc rm Robotics and A-utornntion. pp. i-13. 1987. 

[112! T .. J. Tarn. A. K. Bejezy. and X. Yun. New nonlinear control algorithms 

for multiple robot arms. IEEE Transactions on .4erospnce and Electrrmir. 

Sy.-~frm~--. pp. 5il-581. 1988. 

[ 113] P. Tomei. Robust aclaptive rnntrol of robots with arbitrary transient per­

formancP ancl <listnrhann~ atfrnnation. IEEE Tran.-.rfftinn.-. rm Au.tnmntir· 

Control. vol. 44. no. 3. pp. 654-658. 1999. 

[ 11-l] P. Tlnuei. Robust ac.laptive friction compensation for tracking control of robot 

manipulators. IEEE Trnn.-.actions on Automatic Control. vol. --15. no. 11. pp. 

2164 2169. 2000. 

[ 115] S. Tong . .J. Tang. and T. Wang. Fuzzy adaptive control of multi variable 

nonlinear systems. Fuz::y Set;; and Systems. vol. 111. no. 2. pp. 153-167. 

:moo. 

[116] W. B. Tong. S. Y. T. Lang. and S. K. Tso. Conjoint operation of multiple 

mobile robots in an unknown environment using fuzzy logic. In Proceedings 

of the Arnr.rican Control Conference ( ACC). 1999. 



BIBLIOGRAPHY 192 

[ 117] A. V. Topalov. J. H. Kim. and T. P. Proychcv. Fuzzy-net control of non­

lwlonomfr mobile robot using evolutionary fee<lback-error-learuing. Jo·urnal 

of Robotics and Autonomol1...-. Sy$tcms. vol. 23. pp. lSi--200. 1998. 

[llS} Y. Tsukamoto. An approach to fuzzy reasoning method. In M. M. Gupta. 

R. K. Raµ;a,lt~. an<l R. R. Yager. Eds .. AdV<mce~ in Fttzzy Set Theory and 

Application..-.. pp. 137 -1-19. North-Holland. Amsterdam. Holland. 19i9. 

[ll9] E. Tunstd. H. Danny. T. Lippincott. and M . .Jamshidi. Autonomous naviga­

tion nsing an a<laptive hierarchy of multiple fuzzy behaviors. In Proceedings of 

thr· IEEE fofrmational Sympo.-.imn on Comp-utational lntdligencr in Robotics 

mul Alltnmation. pp. 276-281. Monterey. CA. USA. 1997. 

[120j P. Tyridal. New ideas in multi-task real-time control systems for industrial 

robuts. In Prncreding.-. of the 10th lntr.nrntiorrnl Sympo.-:imn on lrufo~trial 

Robot.-.. pp. 659 -670. Milan. 1980. 

[121] C. S. Tzafestas. Path planning awl control of a cooperative three-robot system 

manipulating large objects. Journal of Intelligent and Robotic Systems. vol. 

22. pp. 99-116. 1998. 

[122] M. A. Unsercn. Rigid body dynamics and decoupled control architecture for 

two strong;ly interacting manipulators. Robotica. pp. 421-430. 1991. 

[123] C. Von Altrock. B. Krause. and H .. J. Zimmermann. Advanced fuzzy logic 

,:ontrol uf a mQ(lern car in extreme sit nations. Fuz=y Sets and Sy~tems. vol. 

48. pp. -ll -52. 1992. 



BIBLIOGRAPHY 193 

[ l24l M. Vukobratovic. How to rnntrol robots interacting with dynamic environ­

nlt'nt . .lonrnal of Intelligent and Robotic System.~. vol. 19. pp. 119-152. 1997. 

il15] M. Vukohratuvic: ancl A. Tuneski. Contribution to the adaptive control of 

multiple compliant manipulation of dynamic environments. Robotfra. vol. l 7. 

pp. 97 llW. ln99. 

[126j .J. Wang. S . .J. Do,lds. and W. N. Bailey. Co-ordinated control of multiple 

rnbotic manipulators handling a common object-tncory and experiments. IEE 

Prnrn·clmg.-.-Coutrol Theory arul Application.'.'. vol. 1-l--l. no. I. pp. 73-86. 1997. 

~ I ~7] L. X. Wan~. Stable a,laptive fuzzy control of nonlinear systems. IEEE Trans­

artimz.-. nn FrL::::y Sy.-.trm.-.. vol. 1. no. 2. pp. 1-16-155. 1993. 

[ 1:!S] L. X. Wanµ; . ..tdapti11c F1L::::y S_,,stnn.~ and Cnntrnl: Design and Stability .4nal­

y.-:·i.-:. PTR Pn·ntice Hall. 199-1. 

l 129] L. X. Wang . .4 Cottr ... t' i11 FIL::::y Systern .. ~ and Cnntrol. Prentice Hall. 199i. 

[ 130] S. D. Wang ail<l C. K. Lin. Adaptive tuning of the fuzzy controller for robots. 

FrL:;::y Set...; and Sy$tcm .. .;. vol. ll0. pp. 351-363. 2000. 

[131] T .. J. Wen an(l K. Kreutz. Motion and force control for multiple cooperative 

manipulators. In Proceedings of IEEE International Conference on Robotics 

and .-t 1Ltomatio11.. pp. 12-16-1251. Phoenix. AZ. USA. 1989. 

'.132} B. Wernt,rs. An interactive fuzzy programming system. Fuzzy Sets and Sys­

trni:-. vol. 23. pp. 131-1-17. 1987. 



BIBLIOGRAPHY 194 

[1331 D. E. Whitney. Resolved motion rate control of manipulators and human 

prosthcsPs. IEEE Tran.-.adion.-; MAJS-10. pp. 47-53. 1969. 

[13-l] Z. W. Wuu. H. Y. Chung. and .J .. J. Lin. A PID type fuzzy controller with self­

tuning sea.ling factors. Fu::zy Sets and Sy~tems. vol. 115. no. 2. pp. 321-326. 

2000. 

[135] L. C. Woun. S. S. Gt~. X. Q. Cheu. ancl C. Zhang. Adaptive neural network 

rnutrul l)f coordinated manipulators . ./ 01Lrnal of Robotic Sy.-~tcm~. vol. 16. no. 

-L pp. 1% 211. 1999. 

: 13G] R. R. Yagt -r. On a µ;t~neral dass of fuzzy connectives. F1L::::y Set ... nnd Systems. 

vol. -1. pp. 235 242. 1980. 

[ l3i] R. R. Yager. Fuzzy sets and approximate reasoning in decision and control. 

In p,.,,,.,.,,tfing~ of IEEE /nterm1.tw1wl Conference on Fu::::y Sy$tcm."l. pp. 415-

-128. l 9!J2. 

: 138] H. C. Yan an<l .-\ .. J. Koivo. Self-motions for two robot dosed chain system. 

In Pmn't·ding.,; of IEEE lntfrnatzonnl Symposium on Intelligent Control. pp. 

1-t i 15~. l!J!l-l. 

: 13!:lj 13. Yao and .M. Tomizuka. Adaptive coordinated control of multiple manipula­

t.urs ha111lling a constrained object. In Proceedings of the IEEE International 

Cmifr-Tnu:e on Robotic~ and Automation. vol. 1. pp. 624 -629. 1993. 



BIBLIOGRAPHY 195 

[1-10] 8. K. Yoo and W. C. Ham. Adaptive control of robot manipulator usmg 

fuzzy c:umpeusator. IEEE Tran~ad·ion.-; on FlLzzy Systems. vol. 8. no. 2. pp. 

186 199. 2000. 

[1-H] T. Ynshikawa. T. Sugie. and M. Tanaka. Dynamic hybrid position/force con­

trol of rohut manipulators - eontroller design and experiment. IEEE Jo-urnal 

nf Robof-t,• . ..; and Automation. vol. -l. no. 6. pp. 699-705. 1988. 

[1-t2j T. Yukawa. M. Uchiyama. and H. lnooka. Handling of a constrained flexible 

objt•ct l,y a robot. In Proctrdmg.-.: of th~ IEEE International Confcrenl·c on 

Robotic.-.: and A utorrrntion. vul. l. pp. 324 329. 1995. 

[1·13] T. Yukawa. M. Uchiyama. D. N. NPndwv. ancl H. Inooka. Stability of ,·ontrol 

system in hawlling of a flexible ubjcd by rigid arm robots. In ProceF.di.ng$ 

of IE EE fnt,,nuzf ioruil Conft'rt'TU."t' on Rnbotir.-.: awl A rdomation. vol. 3. pp. 

2332 2330. 19!JG. 

[ 1-l-t] X. Ynn. Nt>nli1war fcc•lhack control of two manipulators in presence of eu­

vironnwnt rnnstraints. In Procefding.-.: of IEEE International Conference on 

Robotic...; tLnd Automation. pp. 1252--125i. Phoenix. AZ. USA. 1989. 

[1-15] X. Ynn. Cuunlination of two-arm pushing. In Proceedings of IEEE lnterna­

timuzl Cm1f,-rmce on Robotics and Automation. pp. 182-187. 1991. 

[ 1-16] X. Ynn. Objt>ct handling using two arms without grasping. International 

.lo nrwzl Robotw ... Re.'iean:h. vol. 12. uo. 1. pp. ~9--106. February 1993. 



BIBLIOGRAPHY 196 

(147\ X. Yun. V. Kumar. N. Sarkar. and E. Paljug. Control of multiple arms 

with rolling eonstraints. In Proceeding.-. of IEEE lntenuzt-ional Conference 011 

Robotic.-.: awl AtLtom.atirm. pp. 2193 -2198. 1992. 

[1-18] L. Zacleh. Fuzzy sds. Information Control. vol. 8. pp. 338--353. 1965. 

[H9j L. Za,ldi. Outline~ uf a new approach to analysis of 1:omplex systems and 

,lecision processes. IEEE Tnm.-.;actwn-.: on Sy~lt!m.-.. i\tfon awl Cybernetics. 

vol. SMC-3. pp. 28 -1-l. 1973. 

[ 150\ Y. E. Zht•ng ancl .J. Y. S. Luh. Optimizccl load distribution for two indus­

trial robots hanrlling a siu~le object. ln Prnet·t:din!J." of IEEE lntcrrrntional 

Conft'rr:rzce on Robot tc.-.: and .4 rdomation. pp. 34-l 3-19. 1988. 

[ 151] Y. H. Zheng a1ul .J. Y. S. Lnh .. Joint torqtt<'s for control of two coordinated 

moving robots. lu IEEE CoriftTfTLt'e on Robotir.-: and .4 ntorrw.tion. pp. 1375~ 

1380. 1086. 

[ 152] H .. J. Zimmt•rmann a1ul P. Zysno. Latent courn~rtivcs m human decision 

making. Fn:::;y Sd . .; tLwi Sy~tem,-.. vol. -l. pp. 37 -51. 1980. 




