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ABSTRACT

State convergence scheme was proposed in 2004 to overcome the modeling issues and
the difficulty in assigning the desired dynamic behavior to the tele-operation systems. It
was originally proposed for linear master/slave devices which communicate over a
communication channel offering a fixed small time delay. Later, the scheme was
extended to cover the cases of non-linear tele-operation systems with a variable time
delay in the communication channel using the adaptive control theory, Lyapunov
functions and the feedback linearization techniques. However, the use of this scheme for
the control of non-linear tele-operation systems which can be approximated by a class of
Takagi-Sugeno fuzzy (TS) models has not yet been explored. Also, the scheme is only
applicable to teleoperation systems where single master can control a single slave device
which limits its usage in situations where more than one master and/or slave devices are
involved to perform a task. Thus the objective of the present study is to first employ the
state convergence scheme to control a nonlinear teleoperation system represented by TS
fuzzy models and then to extend this scheme for the case of teleoperation systems having
more than one master and/or slave devices. To achieve the first objective, a parallel
distributed compensation (PDC) type control law is introduced to close the feedback loop
around the master and slave devices and method of state convergence is applied to solve
for the control gains. The second objective is achieved by proposing an alpha modified
version of the standard state convergence scheme which provides a framework to
combine the commands from all the master units to affect the slave units. The proposed
works are validated afterwards in MATLAB/Simulink environment using single and

multi-degree-of-freedom (DoF) manipulators.
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CHAPTER 1: INTRODUCTION

A teleoperation system is comprised of master and slave subsystems which are separated
by either wired or wireless communication link, as shown in Fig. 1.1. Consisting of a
human operator and master manipulation device, master subsystem generates motion
signals to perform a certain task at slave site. The slave subsystem receives the master
actions through the channel and drives a slave manipulator which interacts with the
environment to perform the intended task. The teleoperation system in this setting is said
to be unilaterally controlled. However, if the slave subsystem is able to transmit some
sort of task-related information back to the master subsystem, then teleoperation system

is said to be bilaterally controlled [1].

/ Operator Environment \ / Remote Environment \

Communication

If - Channel ( \*.
rActuaﬁon | | Command Task | Telerobot |
Devices | Processor [=semssssss Processor || Actuators |
i R <t | J | |
|
| t\
b /
|
| [y Local = || - _
' control loops . /
:{F — (nformation | L [ Sensor |
Feedback | | reedbac nformation | '
m Processor [ N = Processor || | Acquisition |
9 2 | N A ; — —
Human System|  Interface , . Remote | Remote
\ Interface  \__ Algorithms / Mlgorithms__ J Devices /

Figure 1.1 Components of a tele-operation system

Contrary to unilateral systems, bilaterally controlled tele-operation systems provide a
sense of tele-presence which by far has been the source of increasing number of diverse
tele-robotic applications. These include the handling of radioactive materials in nuclear

plants [2]-[6], exploring the underwater environments [7]-[17], executing the space

1



missions [18]-[26], performing the surgical procedures [27]-[37] and monitoring other

industrial tasks [38]-[46]. Some of the tele-operation systems in use are shown in Fig.

(b)

(d)

Figure 1.2 Tele-operation systems for different applications

Both the aforementioned unilateral and bilateral control schemes fall under the broad
class of direct control. More recently, multilateral teleoperation systems have emerged
which can be treated as the extension of bilateral teleoperation systems having more than
two robotic devices. The other broad classes for the tele-operation systems in order of
increasing level of autonomy are shared and supervisory control. However, in the present
study, we will focus on the direct bilateral control scheme. Specifically, the method of

state convergence will be explored for bilaterally controlling a non-linear tele-operation



based on its TS fuzzy model description. Later the method will be extended to cover the

case of multilateral teleoperation systems.

1.1. CONTRIBUTIONS

The thesis addresses the design of bilateral and multilateral control of teleoperation

systems based on the method of state convergence. Summarized below are the

contributions which will further be elaborated in the subsequent chapters:

1.

State convergence method is used to bilaterally control a nonlinear teleoperation
system which has been approximated by a class of TS fuzzy models. Through the
introduction of a suitable PDC type control law, design conditions are derived to
determine the control gains. The proposed bilateral controller is validated in

MATLAB/Simulink environment using one DoF manipulators.

State convergence method is extended to cover the case of multilateral
teleoperation systems. An alpha modification is first introduced into the state
convergence scheme which is then used to develop the extended state
convergence architecture. This architecture then allows any number of master
devices to affect the motion of any number of slave devices. The proposed
extended framework is validated in MATLAB/Simulink environment using one

DoF manipulators.

The extended version of the state convergence architecture is used to control a
multi DoF nonlinear teleoperation system based on Lyapunov Krasovskii theory.
The feasibility of the proposed scheme is verified through MATLAB simulations

on a two DoF multilateral nonlinear teleoperation system.

In addition to the above contribution related to the state convergence theory, the other

major contributions made by the author during PhD studies are the followings:

4. The design of a computationally fast neo-fuzzy based brain emotional neural

network is proposed and its applicability is demonstrated for online time series

prediction problems.



5. The design of a neo-fuzzy supported brain emotional learning based pattern
recognizer is proposed and its effectiveness is evaluated on a number of

benchmark data sets from UCI Machine Repository.

Besides the above five major contributions, several other contributions are made by the

author in the form of various papers. These contributions are summarized below:

6. The design of fuzzy-logic-based parameter-adjustment model to use with the
brain emotional learning network; the design of TS fuzzy model and knowledge
based nonlinear controllers for electromechanical plants such as uncertain single
link manipulator, magnetic levitation system, DC series motor, aero pendulum,
ball and beam system, automotive suspension system, rotary inverted pendulum

and mobile robots. Please refer to the ‘List of Publications’ section for details.
1.2. THESIS OUTLINE

The thesis is organized into eight chapters. The current chapter presents the overview of
teleoperation systems and the contributions. The remainder of the thesis is organized as

follows:

Chapter 2: Literature Review

This chapter briefly presents various techniques available to control the teleoperation
systems. State convergence method is presented in detail as the rest of thesis is based on

this method.
Chapter 3: Fuzzy State Convergence Methodology

This chapter presents the detailed control design procedure for the bilateral control of a
nonlinear teleoperation system based on its TS fuzzy description. A fuzzy PDC control
law is employed that allows using the method of state convergence to derive the design
conditions necessary for assuring desired dynamic behavior of the teleoperation system.

MATLAB simulations are included to verify the proposed methodology.



Chapter 4: Fuzzy State Convergence Methodology with Transparency Condition

This chapter introduces a transparency condition to the fuzzy state convergence
procedure developed in Chapter 3 resulting into a transparency optimized fuzzy state
convergence method. With this modification, the force feedback gain can be set to unity
and the desired dynamic behavior of the teleoperation system can also be achieved at the
same time. MATLAB simulations are performed on a one DoF time-delayed
teleoperation system to show the validity of the transparency optimized fuzzy state

convergence methodology.

Chapter 5: Fuzzy State Convergence Methodology for Unknown Environments

This chapter discusses the application of fuzzy state convergence methodology developed
in Chapter 3 to the case when the model of the slave environment is not known. An extra
design condition is introduced which ensures that the slave follows the master system in a
desired dynamic way. The proposed methodology is evaluated through simulations in

MATLAB environment using a one DoF master/slave system.

Chapter 6: Extension of State Convergence Method for Multi-Systems

This chapter describes the extension of state convergence scheme from a single-master-
single-slave system to a multi-master-multi-slave system. The proposed extension is
applicable to individual systems which can be described by linear models. Simulations
are carried out in MATLAB environment which show the satisfactory performance of the

extended state convergence scheme.

Chapter 7: Extended State Convergence Method Considering Nonlinear Dynamics

The extended state convergence architecture is modified and used along with Lyapunov-
Krasovskii control theory to design a controller for nonlinear multi DoF teleoperation
system. A two DoF multi-master-single-slave teleoperation system is simulated in

MATLAB environment to validate the proposed scheme.



Chapter 8: Conclusions and Future Work

This chapter includes the summary of the work presented in Chapters 3 through 7. In

addition, suggestions for future directions are also provided.



CHAPTER 2: LITERATURE REVIEW

The advancement in technology has led to the development of autonomous robotic
systems which are capable of performing a wide variety of tasks in an industrial setting.
However, the performance of such systems degrades as the environment becomes richer.
Thus the autonomous systems cannot be relied upon in such circumstances and the
human intervention becomes necessary to perform the required task. Such human-in-the-
loop systems form an important class of robotics known as teleoperation and have found
diverse applications ranging from miniaturized surgical procedures to large-scale
industrial processes. The basic building blocks of the teleoperation systems are the
human operators, master robotic systems, communication channel, slave robotic systems
and the remote environments. Depending upon the number of robotic systems involved to
perform the desired task, teleoperation systems can be classified as either bilateral or
multilateral systems. In a bilateral teleoperation system, a single master robotic system is
operated by a human to conduct the task in the remote environment through the use of a
single slave robotic system whereas more than one master/slave robotic systems are
involved in the case of a multilateral teleoperation system. In either case, the master and
slave systems are physically separated and this results in a delayed communication to
occur between them which can easily destabilize the whole teleoperation system when
the kinesthetic links are also present. Thus, in order to ensure the successful completion
of the intended tasks, the stability and performance of the teleoperation systems need to
be guaranteed under the force feedback from the environments [47].

The classical control schemes for the bilateral control are position-position (PP) and
force-position/velocity (FP/FV). In case of PP scheme, position signals are exchanged
between the master and slave systems while if the contact force information is delivered
to the master system in response of received position/velocity signals, then scheme is
called FP/FV control. These control schemes fall within the broad class of two-channel
controllers [47]. If both subsystems (master and slave) exchange force and
position/velocity signals, then the resulting class is known as four-channel controller
[53]. The selection of a particular control scheme is application-dependant with attention

to important features like stability, transparency and task performance of which the
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former two are conflicting objectives [51]. A number of control schemes [47]-[49], using
either two-channel or four-channel architectures as baseline, have emerged after the
pioneer work of channel passification to nullify the time delay effects based upon the
concepts of transmission line theory [50],[52]. These include time domain passivity
control to make teleoperation system work in a wide variety of environments [54],
adaptive control to estimate operator or environment models and teleoperation system
uncertainties [55]-[60], sliding mode control for robustness against disturbances during
task execution [61]-[70], model-mediated control to reconstruct the slave environment at
master site [55]-[57], gain scheduling to cope with uncertainties [71],[72], model
predictive control for constrained teleoperation with poorly known time delays [73]-[80],
Hoo control for multi-objective optimization [81],[82], frequency domain techniques to
analyze stability of teleoperation system [83],[84], disturbance observes to lessen
measurements [85], [86]. Although the aforementioned control schemes are successful in
the control of teleoperation systems, the design procedure is complex and cannot ensure
the desired dynamic behavior of the tele-operation system. On the other hand, SC method
[87]-[90] presents a simple and easy-to-follow way of designing the tele-controllers
which can also achieve the desired dynamic behavior. However, in its original form, the
scheme can only be used for linear systems and when there is no time delay in the
channel or the time delay lies in the small range [87]. In spite of these limitations,
elegancy of the SC method in terms of simplicity, modeling easiness and achieving
desired dynamic behavior of teleoperation system, has attracted us to investigate its usage
for control of nonlinear teleoperation systems represented by TS fuzzy models as these
models are obtained through the time varying weighted combination of linear subsystems
as well as to extend its usage for multi-systems. It is worthy to mention here that SC
method (originally proposed for linear systems) has also been shown to control the
nonlinear teleoperation system through the use of Lyapunov theory [91],[94] adaptive
control theory [95] and feedback linearization techniques [92]. Further, SC architecture
has also been used in other studies to design tele-controllers [99],[101]. The use of fuzzy
logic and neuro-fuzzy techniques [100],[102]-[112] in control of teleoperation systems
has also been reported in literature. Classical fuzzy controllers have been designed in

[102],[103] to control the manipulator and vehicle over the internet. The approximation



capability of the fuzzy logic systems has been utilized in [109]-[111] to design the
adaptive controllers for teleoperation systems. Recently, the use of TS fuzzy models in
designing the tele-controllers is presented in [112] by employing linear matrix inequality
(LMI) techniques. However, the use of SC method in conjunction with TS fuzzy models
has not been investigated yet which forms the first objective of the present study.

As evident from the previous discussion, bilateral teleoperation systems have been
extensively studied and several algorithms are available to address the stability,
transparency and performance issues related to such systems. These bilateral control
approaches are being extended by the researchers to cover the case of multilateral
teleoperation systems. For instance, the passivity control based on wave variables was
proposed in [52] to stabilize the bilateral teleoperation systems against any constant time
delay. This algorithm has been used in a dual-master/single-slave system [132] to
perform a therapeutic task where a common virtual object is manipulated by the therapist
and the patient from distant locations. Another application of the wave variables in
multilateral teleoperation systems can be found in [133] where the concept of a wave
node is introduced which helps to connect a number of wave-variables based
transmission lines originating from multi-master/multi-slave systems and the insensitivity
of such a multilateral teleoperation framework to arbitrary constant time delays is shown
through passivity tools. Besides passivity control, time domain passivity approach was
introduced for the bilateral teleoperation systems [54]. The method helped in reducing the
conservatism associated with the passivity controller through the introduction of a
passivity observer which triggered the passivity controller upon the detection of active
energy and as a result the performance of the bilateral teleoperation system was
improved. The same technique has been extended to the case of multi-master/single-slave
teleoperation system in [134], dual-master/dual-slave teleoperation system in [136] and a
multi-master/multi-slave teleoperation system in [135]. The bilateral control based on the
estimation of the environmental force through the use of a disturbance observer was
proposed in [137]. The concept of a dual space was introduced where the position and
force controls were achieved in the differential and common spaces respectively. The
extension of this bilateral control scheme is discussed in [138],[139] and a multilateral

controller is derived in the same dual space. The design of a four channel bilateral



controller to achieve transparency was presented in [53]. It has been modified in [140] to
yield a passive four channel bilateral controller which is then applied to dual-
master/single-slave and single-master/dual-slave teleoperation systems. The application
of other algorithms including H-oo optimization [81], adaptive control [60], sliding mode
control [61] and intelligent control [109] to multilateral teleoperation systems have also
appeared [141]-[144]. However, the use of state convergence scheme for a multi-
master/multi-slave teleoperation system has not yet been discussed in the literature which

forms the second objective of the present study.

2.1. STATE CONVERGENCE METHOD

The standard state convergence methodology for control of teleoperation systems
represented by linear models (the subscript ‘m’ in the models represents the master while

‘s’ represents the slave) is shown in Fig. 2.1. Human operator exerts a force F, on the

master manipulator. The influence of this exerted force and the resulting master motions

(states) are transmitted to the slave manipulator through the matrices G, and R,

respectively, which are unknown control parameters. At the same time, the slave tries to
follow the master motions while interacting with the environment. The environment is

modeled by a force F, consisting of stiffness k, and viscous friction b,. Thus the reaction
force F, of the slave with the environment is transmitted to the master through the matrix
R,. A force feedback gain factor k, is also included in R, . It is assumed that
environment, in which slave system is operating, is known a priori and thus matrix R is
known. The control gains K, and K are used to stabilize the master and slave systems
respectively which are unknown. The 3n+1 unknowns including the elements of K, ,K_,
R and G, are found through solution of a set of following equations [87] which establish

the desired convergence behavior between the master and slave systems as well as the

desired slave behavior:
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Figure 2.1 State convergence control architecture
B —B,=0
A —-A,+A,-A,=0 2.1

|sI— (A, +A,)||sI —(Ay — A,)| =|sT + P||s] + Q|
where the matrices P and Q contain the desired slave and error poles while other entries

arc:
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A,=A +BK,

A,=BR
A =B,R, 2.2)
A,=A +B K.

B =BG,

B, =B,

In case of constant small delay in the communication channel, the matrix entries in (2.2)

are replaced as:

A,=S(A +BK ~TBRB,R,)

A,=S(BR -TBR (A,+B,K,))
AzﬁﬂBR MR(A+BK»

m m (2.3)
B =S (B G, TBYRYBm)
B,=M (B, -TB,R,B.G,)
where matrices S and M are computed as:
S=(I-T°B,R,BR,)
(2.4)

M=(I-T*B,RB,R,)"

s S m m

2.2. VARIANTS OF STATE CONVERGENCE METHOD

2.2.1 TRANSPARENCY OPTIMIZED STATE CONVERGENCE METHOD

Transparency optimized state convergence scheme is proposed for the bilateral
teleoperation systems with time delay in the communication channel [96],[97]. It is a
modified form of the original state convergence scheme where the objectives of reflecting
the full environmental force to the operator and the desired dynamic behavior of the
closed loop teleoperation could not be achieved at the same time. This restriction is
resolved to some extent in the modified version at the expense of limiting the allowable
time delay in the communication channel and constraining the achievable closed loop
behavior. Similar to the standard state convergence scheme, transparency optimized state

convergence scheme also considers the master and slave systems modeled on state space.

12



The block diagram of the transparency optimized state convergence scheme is shown in

Fig. 2.2 and various parameters forming the architecture are described below:

Kl‘ﬂ <
Um Ym
» ) — g Cm
Fm > + x)n - Am x"’l + B)VIM)VI > _’
V. =C,x,
A 4 L 4
T T
G, e’ R, e’
7y
v
T T
e’ G Ry e’
A A
U Vs
: | Cs
xXs =AXx, +B.u, g >
y, =Cx,
K, |,
Ze i

Figure 2.2 Transparency-optimized standard state convergence control architecture
T: This scalar parameter represents the time delay offered by the communication channel.

F,,: This scalar parameter represents the force applied by the human operator onto the

master system.
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G,: This scalar parameter measures the influence of the operator’s force into the slave
system

Ze = [Ze1,Ze2,---,Zen): This vector parameter is the model of the remote slave environment.
When the environment is modeled by a spring-damper system, then this vector will
contain two non-zero elements and rest of the elements will be zero.

G;: This scalar parameter represents the influence of the environmental force when
reflected onto the master system.

Ry = [rg;,752,...,7s:]: This vector parameter represents the influence of the master’s motion
signals in the slave system.

Ry = [Tm1, Ym2s- -, mn]: This vector parameter represents the influence of the slave’s motion
signals in the master system.

Ky, = [km1,km2, .- .. knn]: This vector parameter is the state feedback controller for the master
system.

K = [ky,ks2,....ks]: This vector parameter is the state feedback controller for the slave
system.

Of these, G;, G2, R;, R, K,, and K, form 4n+2 unknown parameters. The parameter G,
can be freely chosen and is taken as unity when perfect transparency of the teleoperation

system is desirable.

2.3.1 STATE CONVERGENCE METHOD FOR UNKNOWN ENVIRONMENTS

The method of state convergence provides an effective modeling and control design
framework for bilaterally controlling a tele-robotic system. The modeling of the tele-
robotic system is carried out in state space by representing the master and slave
manipulators in phase variable form. The control system is then designed to establish a
state convergence behavior between the slave and the master manipulators with a
guaranteed transient performance. Original version of the state convergence method
employs a known model of the environment to compute the control gains for the tele-
robotic system. This limits the use of the scheme in situations when the model or
parameters of the environment are not known. To deal with the case of unknown
environments, a modification to the standard state convergence architecture is proposed

in [98], which requires an extra sensor to measure the environmental force. This modified

14



architecture is depicted in Fig. 2.3. Various parameters defining the modified state
convergence architecture are listed in Table 2.1. As can be observed from this Table,
3n+2 control gains need to be determined for a tele-robotic system which has been
modeled by a pair of n™ order linear differential equations. The interested readers are

referred to [87],[98] for the detailed design procedure to compute these gains.

TABLE 2.1. PARAMETERS DEFINING THE STATE CONVERGENCE SCHEME

Parameter Definition Status

Force applied by the human
F, operator on the master Scalar/Known

manipulator

Influence of the operator’s

G, force in the slave Scalar/Unknown
manipulator
Measured environmental
fs Scalar/Known
force

Influence of the remote
G, environmental force in the Scalar/Unknown

master manipulator

Time delay in the
T Scalar/Known
communication channel

R
' Master-slave interaction n-Vector/Unknown
[rxb Vs2yeees rsn]
K, State feedback control gain
] n-Vector/Unknown
(ks bz, - Konn] for the master manipulator
K, State feedback control gain
] n-Vector/Unknown
(ks kgos .. kgl for the slave manipulator
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Figure 2.3 State convergence control architecture for unknown environments
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CHAPTER 3: FUZZY STATE CONVERGENCE METHODOLOGY

This chapter presents the design of a state convergence (SC) based bilateral controller for
a nonlinear teleoperation system which has been approximated by a Takagi-Sugeno (TS)
fuzzy model. The selection of SC is made due to the advantages offered by this scheme
both in the modeling and control design stages. The modeling stage considers
master/slave systems which can be represented by n™ order differential equations while
the control design stage offers an easy way to determine the control gains required for
assigning desired closed loop dynamics to teleoperation system. After the master/slave
systems are represented by TS fuzzy models, a stabilizing fuzzy law is adopted which
allows deploying the SC scheme with all its benefits to design the fuzzy bilateral
controller. In this way, not only the simplicity of the design scheme is ensured but also
the existing SC scheme is able to control a nonlinear teleoperation system based on its TS
fuzzy model description. As an additional advantage, the SC based existing linear
bilateral controller can be easily derived from the SC based proposed fuzzy bilateral
controller. Various cases of master/slave systems originally reported in terms of their
linear model representation and communication in the absence/presence of time delay are
all discussed in the corresponding fuzzy framework. MATLAB simulations considering a
one-degree-of-freedom (DoF) teleoperation system are performed to validate the

proposed methodology for controlling a nonlinear teleoperation system.

3.1. PROPOSED FUZZY STATE CONVERGENCE CONTROLLER

In order to use SC methodology for designing controllers for nonlinear teleoperation
systems, we assume that the master/slave devices can be approximated by a class of TS

fuzzy models (3.1) for the case having no zeros in their differential equations [145],[146]:
';Czl = sz

X2 = 'xz3

3.1
).czn = —Z h(x, )Z ax;+bu,
i=1 =
yz = 'le
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where ‘n’ represents the number of plant states, ‘r’ represents the number of plant rules

and K, (x,)is the normalized degree of belongingness of the i"™ fuzzy plant model which

satisfies the following properties:
h(x,)20,> h(x,)=1 (3.2)
i=1

In the case of master/slave devices having zeros in their differential equations, the

considered class of TS fuzzy models with the membership functions A, (x,) is given as:

(3.3)

These TS fuzzy models can be stabilized through a family of fuzzy control laws [113]-
[131]. In this study, a control law proposed in [131] is adopted for master/slave devices
which will allow us to use existing SC methodology to determine the control gains for
bilateral tele-operation. The resulting scheme is depicted in Fig. 3.1 and design equations
are derived in Theorems 3.1-3.4 for different cases, following the lines of [89].

Theorem 3.1: Given the TS fuzzy model description (3.1) of the master and slave devices
comprising the nonlinear tele-operation system, the slave device will be able to follow the
master device in the absence of communication time delay, if the 3n+1 control gains for

the nonlinear teleoperation system are obtained as a solution of the design equations

(3.4)-(3.10):
b 1
=—ml 34
7%, (3.4)
(csl _bmlrml ) - (cml _b‘vlrvl) = O (35)
(csn _bmlr;nn)_(cmn _bslrvn) :O (36)
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Figure 3.1 Scheme for bilateral control of a nonlinear teleoperation system using TS fuzzy models
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Proof: Consider the nonlinear teleoperation system represented by TS fuzzy model in

(3.1). By using Fig. 3.1, we can write the /™ rule of fuzzy control law for the master

device as:
w, =y —x, + > rx;+F, 3.11)

J=1 Yml J=1
Using the same membership functions as defined for the fuzzy plant model, the net fuzzy
control law for the master device can be given as:

=—2h deu X+ rx +F, (3.12)

ml i=l Jj=1
The master control law in (3.12) yields the closed loop master system as:

Zh Z( it = @ VX + b, Zr X, +b,F, (3.13)

j=1

Note that we will consider n™ part of the system dynamics onwards unless specified
otherwise. Let us define the time invariant coefficients for closed loop master system as:

ij = dmij a4,y (314)

mij

The closed loop master system dynamics in (3.13) can now be given as:
Xom =Zcmjxm, Zr X, +b,,F, (3.15)
j=1

Similarly, we can derive the closed loop dynamics for the slave system. From Fig. 3.1,

the net fuzzy control law for the slave device can be written as:

=—2h Zdwxsj+z 1%, +&F, (3.16)

5111

By plugging (3.16) in (3.1), the closed loop dynamics of the slave device can be given as:

Kon = Zh 2( sii — i )xsj +ble’§;xm; +b,8,F, (3.17)
J=

j=1
We now define the time invariant coefficients for closed loop slave system as:

¢, =dg—ay (3.18)

With the help of these coefficients, closed loop slave system is simplified as:

Ko = chj'xsj +b512rijmj +bslg2 (319)
j=l j=1
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Let us define the state convergence error between the slave and master devices as:

X, =X, =%, = 12,00 (3.20)

¢j s
The closed loop slave dynamics in (3.19) can be written in terms of state convergence

€Iror as:

n

;csn=2(c +b¥1rv) bﬂer +b,8,F, (3.21)

J=1
Using knowledge of (3.15), (3.19) and (3.20), the n"-error dynamics describing state

convergence behavior can be given as:

n n

xor = 3 (e =buiry )= (e =bar,)) 2y + Y (cy =bur, ) %, + (b8, =B, F, (3.22)

Jj=1 J=1

Using (3.21) and (3.22), we can write the augmented slave-error dynamics as:

. . n _xs' b
7.5 _ z(au alzj( ,IJ+( lij (3.23)
Xon P\ Gy Gy )\ Ky b,

where,

a, =c;+byr,

a, =-byr,

ay = (¢, —bmlrm].)—(cm, byry) (3.24)
a,, =c,; —byr,

b=>b,g,

b,=b,g,-b,,

In SC method, it is desired that error evolves as an autonomous system. This is possible if

the matrix entries a, and b,in (3.23) are zero. By setting b,equal to zero, the following

condition is obtained:

b 1
— 3.25
5 (3.25)

sl

8, =

Also, the following conditions are obtained after zeroing the matrix entry a,,

(c; =bury)—(c,y =bur,)=0,j=12,...n (3.26)

ml" mj s1'sj

If conditions (3.25)-(3.26) are satisfied, then the desired dynamic behavior can be

assigned to the slave and error systems. The characteristic polynomial of (3.23) will be
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compared in this case to the desired slave-error polynomial to yield:
(s—a,)=(s+p,

W=ls+e) (3.27)
(s—ay)= (S+qj)

where, the coefficients p.and ¢gform the desired slave and error polynomials

respectively:
s"+p s+ ps+p =0

pn p2 pl (3.28)
s"+q 8" +..+q,5+q =0
From (3.27), the following conditions are obtained:
cytbyr,==—p,j=12..n (3.29)
Coi — b,r = qj,] =12,...n (3.30)

The resulting condition (3.25) is the same as design condition (3.4) while evaluating
(3.26), (3.29) and (3.30) for all values of ‘j°, we obtain the design conditions (3.5)-(3.6),
(3.7)-(3.8) and (3.9)-(3.10) respectively. This completes the proofm
Remark 3.1: The development of SC method is shown here for a class of TS fuzzy
models with common input and common output matrices. The extension of SC method to
a more general class of TS fuzzy models will require the modification of the fuzzy
control law to handle the time-varying coupling terms in that case.
Remark 3.2: Since the slave device is interacting with the environment, the control gains
found through SC scheme for fuzzy slave law will be adjusted to handle the
environmental impact. The implemental fuzzy control law for slave device will be:
:—Zh Z(d +b,A,)x, +Z rx, +8,F, (3.31)
b, 3 j=1

where, A are the coefficients of reaction force. It should be noted that inclusion of a

compensation term in (3.31) will not affect the design procedure.

Remark 3.3: SC method of Theorem 3.1 provides the gains, ¢, andc,, for the master and

slave devices. These gains along with the system’s parameters (3.1) are used to determine

the fuzzy control gains, d,;andd ;, for stabilizing the master and slave devices through

Sij ?

the application of (3.14) and (3.18) respectively. Further, these gains will also provide the
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stabilizing control gains, k, andk, for master and slave devices comprising the linear

5

tele-operation system using the following relations:

k,, :bl(amj +¢y)si=12,0n
1”“ (3.32)
ky=—/(a,+c,).j=12,..n

sl

where a, and a;are system parameters for linear teleoperation system. Thus the design

method of Theorem 3.1 is a more general case as the control gains for linear bilateral
controller of [87]-[89] can be derived from it.

Remark 3.4: The information about membership functions is not used here for designing
the fuzzy bilateral controller. Therefore any type of membership functions can be
employed to implement the fuzzy controllers. However, we will use triangular
membership functions in this study due to their lower complexity.

Remark 3.5: The modification to the fuzzy slave control law and the computation of
control gains, as described above in remarks 2 and 3 respectively, will also hold for the
cases of tele-operation systems in Theorem 3.2-3.4.

Theorem 3.2: Given the TS fuzzy model description (3.3) of the master and slave devices
comprising the nonlinear tele-operation system, the slave device will be able to follow the
master device in the absence of communication time delay, if the 3n+1 control gains for
the nonlinear teleoperation system are obtained as a solution of the design equations

(3.33)-(3.39) and condition (3.40) is also satisfied:

b
g, = bl_: (3.33)
bsn (bmlcsl + bsl’/:vl ) - bmn (bmlrml + bslcml ) = 0 (334)
bsn (bmncm + bsn 'Tm ) - bmn (bmn ’:nn + bsncmn ) = 0 (335)
bmlcxl + bxlrxl = _plbml (336)
bmncsn + bsnrsn = _pnbmn (337)
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bvn sl bmncml banl (338)

bsnrsn _bmncmn = bmnqn (339)

bvl = bml sz 200 Ysn—1 = bmn—l bm (340)
‘ bm2 ‘ mn

Proof: Consider the teleoperation system represented by TS fuzzy models (3.3). The
development for computing the closed loop master and slave systems follows from
Theorem 3.1 and will not be included here. By using the control laws (3.11) and (3.16)
after setting the corresponding input matrix entries as unity and through the introduction
of time invariant coefficients as defined in (3.14) and (3.18), the closed loop master and

slave system for this case can be given as:

Yo=Y e, 0, + Zr x,+F, (3.41)
j=1
Kon _zcvxv +z T %mj +8,F, (3:42)

Different from Theorem 3.1, we define the state convergence error for teleoperation
system having zeros (3.3) as:

X, :b‘vjx -b xmj,j=1,2,...,n (3.43)

mj
The closed loop slave dynamics can be written in terms of this state error as:
Kon :Z Cyj ""”s/_ Xy —Z—x +8,F, (3.44)
J=1 b Jj= 1 mj
The error dynamics for the first n—1components of the state convergence error can be

given as:

Xej =bij -b x .,j=12,..,n—1 (3.45)

sj+1 mj " mj+1°

We can write (3.45) in terms of slave and error states as:

: b,., b,
xg=|b,~b, Xy ¥ =%,V =1,2,..,n—1 (3.46)

mj+1 mj+1

By using (3.41) and (3.42) with (3.43), the n™ part of error dynamics can be found as:
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n

Xor = Z(bmcsj _bmnrmi)xsi + Zn:(bsn’?.i —bmncmj)xmj +(b,.8, -
=

J=1

The n™ error dynamics (3.47) can be written in terms of slave and error states as:

) n b, by
— —_ 4 - -
Xen = E (b sncsj bmn L mj +bsn rsj b bmncmj b xsj Z
mj mj

J=1

b r.—b c

(3.47)

j‘xej +(bsng2 _bmn)Fm

(3.48)

Using knowledge of (3.44), (3.46) and (3.48), the augmented slave-error dynamics for

teleoperation system (3.3) can be given as:

\ s A A X B,
x. Ay Ay )\ x, B,

where,

O(n—l x1

j=12,...n
A= b
sj
Cy + Ty b
mj Ixn
i=1,2,...,n
A — J=h2s,
2| L
b .
M J1xn

b Jj=12,...n-1
. sj+1
O(n—1)><1 dlag ij _bmj b
mj+1
A2 — (n=1p(n-1)
1 5 =12,
] 5
(bsncsj bmn rmj +bsn }tvj b _bmncm] J
m M 1xn
j=1,2,...,n-1
0 d bmj
(n-1)x1 lag b
mj+1
A2 _ (n=1)(n-1)
2 .
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For the error to evolve as an autonomous system, we must set A, and B, equal to zero.

By doing so, we have the following conditions:

b,
b,~b,,—==0,j=12,..,n-1 (3.55)
mj+1
b, b, .
b,c;—b,,r, +b,r,—=b,.c, b- =0,j=12,...,n (3.56)
mj mj
bsngZ _bmn = 0 (357)

After the condition for the error to evolve as an autonomous system is met, desired

dynamics can be assigned to both slave and error systems as:
|sT— A, |=|sI - P|
|sI—A,,|=|sI -0

where, Pand Qare the matrices representing the desired slave and error dynamics

(3.58)

respectively as:

P O(n—l)xl In—l Q B n-1 (3 59)
(_pj )1]:’11,2 ..... n |° (_q} )lj:nl,Z ..... n .

By solving (3.58), we obtain the following conditions:

0 I

(n—1)><l

b,c;+br,==b,p,,j=12,..n (3.60)
b,t;=b,,C,;=b,.49;,J=12,...n (3.61)

It can be observed that condition (3.57) is the same as the design condition (3.33). Also,
by evaluating (3.56), (3.60) and (3.61) for all values of ‘j°, the conditions (3.34)-(3.35),
(3.36)-(3.37) and (3.38)-(3.39) are obtained respectively. Further, the condition (3.55)
establishes the condition (3.40). This completes the proofm

Remark 3.6: The extra condition to be satisfied, in the case of control design for
teleoperation system (8) as presented in Theorem 3.2, will prevent the steady state error
between the master and slave states.

Theorem 3.3: Given the TS fuzzy model description (3.1) of the master and slave devices
comprising the nonlinear tele-operation system, the slave device will be able to follow the
master device in the presence of sufficiently small communication time delay, if the 3n+1

control gains for the nonlinear teleoperation system are obtained as a solution of the
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design equations (3.62)-(3.68):

(1+Tbmlr;nn)bvlg2 _(1+Tb‘v1rm)bml :O (362)
(1+ Tbmlrmn )bsll/:vl - (1 +Tbsll/:vn )bmlrml + (1+ Tbmlrmn ) Csl - (1+ Tbslrsn )le = O (363)

(1+71b,,r,, )b,r,, —(1+Tb,r, )b, +(1+Tb, 1. Ve, —(1+Tb,r, )c,, —(1+Tb,,r, ) Tb, 1, , +

ml" mn s17sn s1"sn ml"mn ml"mn s1"sn ml" mn s1"sn—1

(1 + Tbslrsn )Tbmlrmn—l = 0

(3.64)
bslr;l - Tbxlrmbmlr;nl + Csl - Tbxlrmcml = _pl (1 - szmlrmnbslr;n ) (365)
bslr;n - Tbxl’?vnbmlrmn + Cm - Tbsl’/;ncmn - Tbxlrm—l + szxlrmbmlr;nn—l = _pn (1 - szmlrmnbxlrm )

(3.66)
(1 + Tbmlrmn )bslr;l - (1 + Tbslr;n ) le = ql (1 - szmlrmnbsrm ) (367)
(1 + Tbmlrmn )bslr;n - (1 + Tbxlrm )Cmn - (1 + Tbmlrmn )Tbvlrvn—l = qn (1 - szmlrmnbsrm ) (368)

Proof: Consider the TS fuzzy model representation of master/slave systems in (3.1). The
net fuzzy control law for the master side by considering time delay in the communication
channel is given as:
1 r n n
u, =b—2hi(xm )dei].xmj +Zrmjx5j (t-T)+F, (3.69)
=1 j=1 j=l
The closed loop TS fuzzy master system with the control law in (3.69) and using the

definition of time invariant coefficients, can be given as:
KXmn = zcmjxmj +bfﬂlzr;njxsj (t_T)+bm1En (370)
Jj=1 j=1

The fuzzy control law for the slave system with the inclusion of time delay in the channel

can be given as:

us :bizhz (‘xs )z d‘vij‘xsj +zrvxlnj (t_T)+ gZEn (t_T) (371)

51 0= j=1 =

The closed loop fuzzy slave system can now be obtained as:
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xm—ZcS,x +b, Z rx, (t=T)+b,g,F, (t-T) (3.72)

The time delay in the communication channel is assumed to be small and applied force is
assumed to be constant. Thus the delayed signals in (3.70) and (3.72) will be replaced

with their first order approximation based on Taylor series as:

x,; (1-T)=x, —T).cm_,-

x, (t=T)=x,~Tx, (3.73)
F (t-T)=F —TFn=F,

By using (3.73), the closed loop master and slave systems in (3.70) and (3.72) can be

given as:

. n n—1 . .
Xom = D€k D, z FiXy = b [z oy Xsj + Fp Xon j +b F, (3.74)
j=1 j=1

Xsn —chx +bYIerxmj—b T(Zr Xmj +7,, xmnj+bﬂg2 (3.75)
J

By plugging (3.75) in (3.74) and considering the phase variable representation of the TS

fuzzy system in (3.1), the closed loop master system in (3.74) can be evaluated as:

n

Z( Tbmlrmnbvlrvj )x + Z( m mj ml mnCYj )xj -

1 =]

(1 T bml mn vl vn) Z

Xmn =
+T bml mn slz Sj m1+1 Tbml mnbsng)F

sl j+1

(3.76)
Similarly, after eliminating master side dynamics from the closed loop slave system in

(3.75), we obtain the following representation of the closed loop slave system:

n

. Z(bﬂv Tbvlrmcmj)x +Z( Tbvlrvnbmlrmj) 4+
j=1

1-T%b,,r, b
( 1 n vlrm) zbslrsnbmlz Sj+1 Tbslz 5] mj+1 slg2 Tbslrsnbml)

Xsn =

(3.77)
The closed loop slave dynamics in (3.77) are further processed to include the error term

(3.20) as:
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n

n
Z(Csj _Tbslr:mbmlr;nj +bslrsj - bslrsncmj )xsj - (bslrsj _Tbslr:mcmj)'xej +

1
xm_(l—sz r. b r) ’(

ml"mn~s1" sn

J=1

E

s1"sn~ml" mj s1'sj s1"sn”ml

n—l
T°b,r, b, 1, —Th r,)xA_,M+TblerV.xej+l+(bx1g2—Tb r,b,.)F,
j=1

j:
(3.78)
Using (3.20), (3.76) and (3.77); the error dynamics for master-slave system under

communication channel delay can be determined as:

n bslrrvj _Tbslrjmcmj _ij + . b o b rc. —c
s1'sj sl sn—mj mj
Z Tbmlrmnbslrsj + Csj _Tbslr:vnbmlrmj xsj - xej +
Jj=1 Jj=1 +Tbrn1rn1nbs1r;j
_bmlr;nj + Tbmlrmncsj
1
Xen = vt (T?h 1. b v +Th 1. —Th r. n-l
_ 72 s17sn~ml" mj ml" mj s17sj 2
(1 T bmlr;nnbslrsn) Z 2 xsj+1 + (Tbslr:vj +T brnlrn1nbs1r:vj)xej+l +
Jj=1 -T bmlrmnbxlrrvj Jj=1
(bsng _Tbslrsnbml _bml + Tbmlrmnbng ) En
(3.79)
The augmented slave-error system dynamics can now be given as:
. (all)'+ ap | (alz)-+ ap |
S I ’ A (x ) (b
sn i
- J AN R (3.80)

+
. — * o b,
Xen ! (a2l)j+(a2lj_ (azz)j+(a22j_ !
j-1 j-1
J#l J#1
where matrix entries imply the evaluation at a particular value. Again for the error to

evolve as an autonomous system, the following conditions must be satisfied:

b,=0

* . 3.81
(021)j+(6121j :0’]:1929"'911 ( )

j-1
Jj#1

Expanding (3.81) yields:

bsng _Tbsll/;nbml _bml +Tbmlrmnbxg2 :O (382)
bslrs' _Tbslrsncm' _cm' + 2
’ ’ ’ T bslrmbmlrmj + Tbmlrmj _Tbslll;j
Tbmlrmnbxlrxj + Csj - Tbslr;nbmlrmj + = 0’ .] = 1’ 2’ s
_szmlrmnbslrs' j-1
_bmlrmj + Tbmlrmn csj ’ j#l

(3.83)
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Now we can compare the characteristics polynomial of (3.80) to the desired polynomial

to assign the desired dynamics to slave and error systems as:

5= (all)*i—i_(alljj—l :(S+Pj),j:1,2,...,n

(3.84)
5 (azz)j +(azzj LT (5+q<,-)’]. =L2,..,n
1
Evaluation of (3.84) yields the following equations:
-Tb,r b +b,r.—Tbr c T?b.r.b r..—Tb r

( al sn ml mj s1hsj s1%sn mj) ( s17sn™”ml" mj al sj )]¢1 (3'85)
-p,(1-T%b,,1,,b,1,,). j=12,....n
(bal 3] Tbslrmcmj ij +Tbml mnbalrsj) (Tbal A] +T bml mnbsl A]) =

o (3.90)

—qj(l T°b..r b.r ), =12,...n

ml mn s1"sn

The condition (3.82) corresponds to the design condition (3.62) while the design
conditions (3.63)-(3.64), (3.65)-(3.66) and (3.67)-(3.68) are obtained as a result of
evaluating (3.83), (3.85) and (3.86) respectively. This completes the proofm

Remark 3.7: The assumption of constant time delay is valid if the master/slave devices
communicate over a dedicated link instead of computer networks where time delay is
variable. Further, time delay is assumed to lie in small range which is also desired to
avoid significant steady error between master and slave states due to the assumption of
constant applied force by the operator.

Remark 3.8: The method of Theorem 3.3 provides the design conditions in analytic form
for controlling the nonlinear time-delayed tele-operation system having no zeros in its
differential equation representation as opposed to [87]-[89] where analytic expressions
are not provided due to the involved matrix inverse operations. The same remark will
also hold for the design conditions in Theorem 3.4 for the time-delayed tele-operation
system containing zeros in its differential equation representation.

Theorem 3.4: Given the TS fuzzy model description (3.3) of the master and slave devices
comprising the nonlinear tele-operation system, the slave device will be able to follow the

master device in the presence of communication time delay, if the 3n+1 control gains for
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the nonlinear teleoperation system are obtained as a solution of the design equations

(3.87)-(3.93) and condition (3.40) is also satisfied:
(gZ_Tr:vn)bsn-l_(TrmngZ_1)bmn :0 (387)

(bm+Tbmnr,,m)blcs1 (b +Tb_r )bﬂc (b +Tb_r )b r, +(b +7Tb r )bﬂrﬂ:O

m sn-sn sn-sn mn-mn

(3.88)

(b, +Tb,,r,.)b,.c.. —(b,, +Tb, 1., ) byC, = (b, + T, 1, )bt + (B, + T, 1, )b, +

mn mn mn - sn sn-sn sn—mn mn sn-sn mn mn mn mn sn-sn

(78, +T°b,,1,,) b, s — (T, +T°b,,, 1,0, )b Ty =0

sn'sn mn" mn—1 sn” sn—1

(3.89)

bmlcsl Trsnbslc Trsnbml ml +bslrsl plbml (1 T2 sn mn) (390)
bmn sn Trvnbvncmn _Trvnbmn mn +bvn Fon + Tzrvnbmn Fan-1 Tbvn 1= P nbmn (1 T2 Fon mn) (391)
(bmn + Tbvn Fon )C + (b + Tbmnrmn ) sl qlbmn (1 T2 FonVnn ) (392)

=By +Tb,, 1, ) Cp + (B, + 0,1, ) 1 = (Tl +Tb, 1 V1, = b, (1T, ) (3.93)

sn-sn mn-mn sn-omn

Proof: Consider the TS fuzzy model representation of master/slave systems in (3.3).
Using the TS fuzzy control laws for the master and slave sides with time delay in the

channel, the corresponding closed loop systems are obtained as:

Yo =icmj X, Z r X +F, (3.94)
J=1

chxﬂ+z rx,, (t=T)+g,F, (1=T) (3.95)

Using the approximations in (3.73), closed loop master (3.94) and slave (3.95) systems

can be given as:

}cmnzzn“cmj X, Z (Zr Xy 41, xmj+Fm (3.96)
=
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n-l1 . .
Xon = chxﬂ + z Xy —T (Z} ry Xmj +1,, an]'i' 8. F, (3.97)
=

By eliminating slave dynamics from (3.96) and master dynamics from (3.97), the

following closed loop systems are obtained:

2( _Trmnr;z)xmj+Z(rmi_TrmncSJ)

. 1 j=1
N N |- n (3.98)
(I—Tzl"mnl"m) Tzl rmj-xxjﬂ +T2 nzlrv mj+1 1 Tr;nngZ)F
= i
. 1 i(l’ _Trsncml)x +i(c _T,;" m’) i+
Xon = = = (3.99)

1-1°
( rmnrm) z mj vﬁ—l Tz VJ mj+1 Tr )F

Using the definition of error state introduced in (3.43), the closed loop slave system in

(3.99) can be expressed as:

sj sn'” mj s sn-mj ¢j
1 Jj=1 mj bmj j=1 bmj
sn = (1 T2
— r r ) n—1
mn' sn 2 si+l
Z T rvnrmj - Trv Yj+1 ej+1 - Trsn ) En
J=1 mj+1 J=1 mj+1

(3.100)
The error dynamics of a master-slave system in the presence of zeros as well as time
delay in the channel can be determined using (3.43), (3.98) and (3.99), and expressed in

terms of slave-error states as:

b r.—Tb r c,.—b c, +
sn' sj sn’snmj mn= mj
bsn sj Tbsn rsn L mj bmn rmj +
< - Tbmn rmn rjvj
Z bm rYj Tbm rmcmj b sj 'xsj - b
Jj=1 Tbmn mn Yj b Tb b Jj=1 mj
mncm] + mn mn S] mj
, 1 T°b_r r +Th —Tb,_r,
Xen :2— n—1 sn'sn’mj mn mj sn'sj n—1 (Tb +T2b )
1-T°r r mrg mn mn Y]
mn" sn +Z + X —+
(Tb T r ) v+1 Kl b ej+l
Ylerj + mn mn Yj b J=1 mj+1
mj+1
(bsn g 2 Tbm r, sn bmn + Tbmn mn g 2 ) F;n

32

Xej




(3.101)

Slave-error dynamics in (3.100) and (3.101) can be combined with the model definition

in (3.3) and conditions (3.46) to give the augmented dynamics in (3.49) with the

following nxnsystem matrix and nx1input matrix entries:

O(nfl)xl Infl
b Jj
C _Trsnrm/ + s mj ’ +
mj bmj (3 . 102)
A= L
Jj-Lj#l
1,y =Try "
{ ! ’ bmj+l ]
(1-7°r,,1,)
O(n—l)xn
j 1%
A, =| | Tl | [ 1Ty (3.103)
bmi bmi+l
(1 - Tzrmn T )
j=1,2,n—1
b
mj+1
(n-1p(n-1)
j i—1, j#1
A2 — bsn sj Tbsnrsnrm, bmnrmj + ! zbmrmrm] +Tbmn e Tbmrv I
1
bvnrv Tbm FenCoj — b, + b,
Tbmn mncv + ' ! . (Tbsnrs] +T2bmn Fon s;) -
bmncmj + Tb bmj bmj+1
(1 - Tzrmnrsn )
(3.104)
b j=1,2,n—1
O(n—l)xl diag (b - J
mj+1
(n-1)x(n—1)
_ j i1, j#1
Ay = b r.—Tb r c —b c +Tb ! o r.+T% r r.))
_ sn v; sn'sn“ mj mn" mj an Don Yj + sn' s mn"mn" sj
mj bmj+1
(1 - Tzrmn Fon )
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0 0

(n-1)x1 (n=1)x1
B=| ¢,-Tr, |B.=|b,g,~Tb,r, b, +Tb, 1.8 (3.106)
1_T2rmnrvn ]‘_Tzrmnrrm

The error will evolve as an autonomous system in the absence of A, and B, . By setting

them equal to zero, we obtain condition (3.40) and the following conditions:

bvncv Tbvnrmrmj bmn,;nj + ! T bmrm mj +Tbmnrmj Tbmi"v e
bsnrs Tbsn';ncm b, + b :O, ‘:1, 2,...,]’1
Tbmnrmncs * ] : i (Tbvnrv +T2bmn mn v ) i J
! bmn ij + Tbmn mn v bmj ! J bm j+1
(3.107)
b g,~Tb,r,—b +Tbh r g =0 (3.108)

When the error evolves as an autonomous system, desired dynamics can be posed on a
slave-error augmented system through the application of (3.58) which yields the

following conditions:

b, b, i 2 b, J-Lj#l
c; =TI, +r, b——Trmcm] 5 + Tr,n, —Tr, — =

mj mj mj+1 (3- 109)
_pj(l T2 mn vn)’] 12
2 Jj-Lj#1
(bsn rs} Tbsn rsncmj bmncm/ + Tbmn rmn rs}) (Tbsn ,;/ + T bmn rmn sj ) - (3 1 10)

q.b

Jj mn

(l—T ror ),j=1,2,...,n

mn-sn

Equation (3.108) gives the design condition (3.87). Evaluation of equations (3.107),
(3.109) and (3.110) for all values of ‘j° gives the design conditions (3.88)-(3.89), (3.90)-
(3.91) and (3.92)-(3.93) respectively. This completes the proofm

3.2. SIMULATION RESULTS

In order to validate the SC methodology for the control of nonlinear teleoperation system
represented by TS fuzzy models, MATLAB simulations are performed using one DoF
nonlinear teleoperation system in Simulink environment. The considered teleoperation

system has the following form:
J,0+b 6 +mgl sinf =u, 3.111)
where, subscript z can be either m or s representing master or slave devices respectively.
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The definition of various parameters of teleoperation system (3.111) along with their
numerical values is included in Table 3.1.

To apply the presented approach, we will first construct the TS fuzzy model of
teleoperation system (3.111) using sector nonlinearity method. To this end, we first write
the teleoperation system in state space form as:

X1 = sz

m_gl. b (3.112)

1
Yoo =oAL, S Xy
Z Z Z

where x,=6_, x, =6 represent the position and velocity signals of the teleoperation

_sinx,, (1)
x, (1)

region for the teleoperation position signal be restricted in the range[-7/3 7 /3]. The

system while 77, (7) is defined to be the scheduling variable. Let the operating

extreme values for the scheduling variable over this range are found to be 77, .. =0.827

and 7, =1.0. With knowledge of these values, the following fuzzy sets are

constructed:
1 ,x, =0

H (772)_ nz_nzmiﬂ X, #0 (3113)
77zmax - 77zmin

o (17.) =1=4,(17.)

Note that only two fuzzy sets are used to approximate the nonlinear teleoperation system
and therefore h (77,)=44(n.),i=1,2. The approximation accuracy can be increased
further by considering more fuzzy sets in the region of interest. The fuzzy sets in (3.113)
now allow us to define the TS fuzzy model of teleoperation system through the following

plant rules:

Model Rule 1: IF 77, is 4, THEN

-;:Zl = X,Z
: (3.114)

X2 ==X, — A, X, +b,u,

Model Rule 2: IF 77_is x#, THEN
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Xl = 'xzz

. (3.115)
X:2 = —Qp X, — A0 X,, b,
The master/slave system coefficients in (3.114)-(3.115) for the case of smaller
master/bigger slave (Table 3.1) are found to be:
a,,=58286,a,,=300,b, =60

(3.116)
a,, =48.67,a,,, =30.0,b , =6.0

asll = 29‘43’ ale = 3-75,[%11 = 0.38

(3.117)
a, =2434.a,,=375b, =038

Assume that the slave is interacting with the soft environment for which the stiffness and

viscous friction are given to be k, =5Nm/rad and b, =0.1Nmrad /s . Further, let the

force feedback gain be 0.1, the force feedback matrix from the slave to master is then

given as:

R, =(0.5 0.01) (3.118)
Now, let the desired poles of error and slave dynamics be placed ats,, =—10. Also,

assume that no time delay exists on the communication link between master and slave
systems. To determine the control gains for teleoperation system (3.112) in such a case
we will use the design conditions from Theorem 3.1 as the system under study has no
zeros. Through the design equations (3.25), (3.26), (3.28)-(3.30) and system parameters
(3.116)-(3.118), we obtain the control gains as:

c, =(c, c,)=(~103.00 —20.06)

C = =(-97.00 -19.94

s (csl CJZ) ( ) (3119)
R =(r, r,)=(-8.00 -0.16)

g, =16

For the implementation of the fuzzy control laws on master and slave sides, the following
gains are obtained using (3.14), (3.18), (3.116), (3.117), (3.119):

w=(d, d,.)=(-4414 9.94)

D,=(d, d,)=(-5432 9.94)

a=(d,, d.,)=(-6757 -16.19)

,=(d, d,)=(-72.66 -16.19)

(3.120)
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TABLE 3.1

SYSTEM PARAMETERS FOR SMALLER MASTER/BIGGER SLAVE

Definition Value
Mass of the master, m,,(Kg) 2.0
Length of the master, /,,(m) 0.5
Inertia of the master, J,,,(Kg-mz) 0.17
Viscous friction coefficient of master, 50

b,(Nms/rad) .

Acceleration due to gravity, g(m/s°) 9.81
Mass of the slave, my(Kg) 8.0
Length of the slave, [(m) 1.0
Inertia of the slave, JS(Kg-m2 ) 2.67
Viscous friction coefficient of slave, by(Nms/rad) 10.0

The simulation results of applying the fuzzy laws (3.12) and (3.31) when the operator
exerts a force of 0.5N are shown in Fig. 3.2. It can be readily observed that the slave is
following the master as the position and velocity signals for both the master and slave are
the same. Further, it is also evident from this figure that the desired dynamic behavior of
teleoperation is achieved. The control signals for master and slave systems are shown in
Fig. 3.3.

The teleoperation system is also tested in a hard environment for which the stiffness and

viscous friction are given to be k, =50Nm/rad and b, =5Nmrad/s. The force

feedback gain is taken to be 10 in this case and thus the force feedback matrix from slave

to master is given as:
R, =(500 50) (3.121)

For this case, the role of master and slaves are also reversed i.e., bigger master and

smaller slave are considered with the system parameters in (3.116)-(3.117) reversed.
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Considering zero delay in the communication channel, the following control gains are

obtained through the design procedure outlined in Theorem 3.1:

C,=(c,, c¢,,)=(-287.50 -38.75)

m2
C =(c, c,)=(87.0 -1.5) (3.122)
R =(r, r,)=(-3125 -3.125)
g, =0.0625

Using (3.14), (3.18), (3.116), (3.117) and (3.122), the implemental fuzzy control gains for

master and slave sides are found to be:

D, =(d, d,b)=(-25807 =35.00)
D  =(d d =(-263.16 -35.00
m2 ( m21 m22) ( ) (3123)
D, =(d, d,)=(14636 28.75)
D, = (a’s21 dm) = (136.17 28.75)

Figure 3.4 depicts the simulation results when the operator applies a force of 0.5N. Again
the slave position and velocity states are following the master position and velocity states

respectively. The control inputs for the master and slave systems are shown in Fig. 3.5.
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Figure 3.2 Position and velocity signals of smaller master and bigger slave systems in soft environment

with no communication delay
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Figure 3.3 Control signals of smaller master and bigger slave systems in soft environment with no

communication delay
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Figure 3.4 Position and velocity signals of bigger master and smaller slave systems in a hard environment

with no communication delay
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Figure 3.5 Control signals of bigger master and smaller slave systems in a hard environment with no

communication delay

The stated simulation results in Figs. 3.2-3.5 are obtained under the influence of constant
applied force. However, in real situations, operator force approximately varies in a linear
fashion. To see the performance of SC scheme in this case, simulations are run
considering the hard environment with the control gains in (3.122)-(3.123) and results are
shown in Fig. 3.6. It can be seen that the slave system is tracking the master system and
master/slave states are hard to distinguish. The control inputs to teleoperation system in
this case are also displayed in Fig. 3.7.

We now consider the case of teleoperation system with time delay in the communication
link. Assume that the slave is interacting with a soft environment which can be modeled

by a stiffness, k, =5Nm/rad . With a force feedback gain of 0.1, the force feedback
matrix is obtained as:
R, =(0.5 0) (3.124)

Considering a time delay of 0.1 sec in the communication link and the parameters of
teleoperation system listed in Table 1 along with desired dynamic behavior of

teleoperation system as reported in previous simulation results, the following control
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Time(sec)

communication delay under realistic operator force
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gains are obtained through the application of design equations (3.62)-(68) provided by

Theorem 3.3:
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Figure 3.7 Control signals of bigger master and smaller slave systems in a hard environment with no



c,=(c, cmz)z(—IOS.OO -19.70)
C = =(-97.0 -20.30

S (C‘vl C‘VZ ( ) (3125)
R‘v = (rxl rx2) = (_8 O)

Using (3.14), (3.18), (3.116), (3.117) and (3.125), the implemental fuzzy control gains

can now be obtained as:

Dml = (dmll dle) = (_44'14 10.30)

D,,=(d,, d,,)=(-5432 10.30) (3.126)
D, = (dm dx12) - (_67'57 _16'55) |
D,=(d, d)=(-72.66 -16.55)

The simulation results when the operator is applying a constant force of 1N are displayed
in Fig. 3.8. It can be seen that slave states are following the master states with time delay
and the desired dynamic behavior is also achieved. The control efforts by master and

slave devices are shown in the accompanying Fig. 3.9.
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Figure 3.8 Position and velocity signals of smaller master and bigger slave systems in a soft environment

with communication delay
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Figure 3.9 Control signals of smaller master and bigger slave systems in a soft environment with

communication delay

SC scheme is shown to be robust against parameter variations and time delay in the
communication link [88]. To validate the proposition in the case of the teleoperation
system represented by TS fuzzy models, we simulate the nonlinear teleoperation system
with the fuzzy control gains in (3.126) while considering 50% uncertainty in the viscous
friction coefficients of the teleoperation system (3.111) and 400% uncertainty in the time
delay i.e., 7=0.5 sec. The results for this case are shown in Fig. 3.10. It can be seen that
despite the uncertainty, the slave is able to follow the master and deviates only slightly
from the desired dynamic behavior. If the teleoperation system was designed by
incorporating these uncertainties, a better response is exhibited by the master device but
the slave response remains almost unaltered as shown in Fig. 3.11. The variation in the
response of the master device is due to the fact that no desired dynamic behavior has been
assigned to it in the SC scheme while the slave device offers the desired dynamic
behavior in spite of the parametric uncertainties.

SC scheme for the delayed nonlinear teleoperation system represented by TS fuzzy
models is also compared with its linear counterpart considering the large range operation
of the teleoperation system. For this purpose, the system’s gains of (3.125) are used for

simulating the response of both fuzzy and linear bilateral controllers. Using these gains
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and the system’s parameters, the implemental stabilizing fuzzy control gains are reported
in (3.126) while the implemental stabilizing linear control gains are found from (3.32),
(3.116), (3.117) and (3.125) as:

K, =(-7.356 1.716)

(3.127)
K, =(-175.18 —44.13)

Note that the system parameters of linear tele-operation system are the same as the
parameters of the model rule 1 (3.114) of the TS fuzzy system. With the gains in (3.125),
(3.126) and (3.127), the simulations are run considering the nonlinear model of the
teleoperation system and the results are depicted in Fig. 3.12. It can be observed that the
slave is able to track the master in both cases as the error in states tends towards zero.
However, a steady state position error is observed in the case of a teleoperation system
employing linear controller (3.127) while a teleoperation system using TS fuzzy
controller (3.126) has shown better tracking performance.

Based on the simulation results, it can be concluded that the presented fuzzy SC scheme
can be used to control the nonlinear teleoperation system and it offers better performance

as compared to linear SC scheme when large range operation is desired.
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Figure 3.10 Position and velocity signals of smaller master and bigger slave systems in a soft

environment under uncertain design parameters
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Figure 3.11
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Figure 3.12 Comparison of SC based linear and fuzzy controllers for time delayed nonlinear teleoperation

3.3. CONCLUSIONS

system in a soft environment

The control design of the nonlinear teleoperation system represented by TS fuzzy models

is discussed in the framework offered by SC methodology. Through the introduction of a

45



suitable fuzzy control law, design conditions to impose the desired dynamic behavior of
teleoperation system are derived for different teleoperation models in the absence and
presence of communication delay using the method of SC. Further, the existing linear
bilateral controller based on SC is found to be the special case of the proposed SC based
fuzzy bilateral controller. The effectiveness of the proposed scheme in controlling the
nonlinear teleoperation system is proven through MATLAB simulations where it is also
compared with the existing linear scheme. Contrary to other complex teleoperation
control schemes based on TS fuzzy systems, the presented method is simple to apply with
guaranteed dynamic behavior of teleoperation system and no Lyapunov function is

required to prove the stability of the system.
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CHAPTER 4: FUZZY STATE CONVERGENCE METHODOLOGY
WITH TRANSPERENCY CONDITION

This chapter proposes to employ transparency optimized state convergence method in
controlling a nonlinear teleoperation system which can be approximated by a class of TS
fuzzy systems having common input and output matrices. A suitable form of PDC type
fuzzy control law is selected to close the feedback loops around master and slave
systems. The beauty of the selected control law lies in its capability to fully utilize the
method of state convergence while providing large range operation. In the previous
chapter, we have proved that this control law can successfully establish the state
convergence behavior in a nonlinear teleoperation system. Following the same lines, we
show that the fuzzy transparent bilateral controller can indeed be designed for the
transparency optimized state convergence architecture with a nonlinear plant model. The
validity of the proposed controller is confirmed through MATLAB simulations on a one

DoF nonlinear teleoperation system.

4.1. TRANSPERENT TS FUZZY LOGIC CONTROLLER

In this section, we will show the development of a transparent TS fuzzy logic controller
for a class of nonlinear teleoperation systems which can be approximated by TS fuzzy
models in phase variable form with common input and output matrices [147]-[148]. Such

a nonlinear teleoperation system can be given as:

xZ:fz(xz)—‘_gzuz (41)
Y. =hx,

The TS fuzzy description of (4.1) with ‘7’ plant rules can be given as:
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Xz1 = )sz

X2 = 'xz3

(4.2)

-;Czn = Z Zawxa +b U,

where A, (x,)is the normalized firing strength of i"™ fuzzy plant rule and satisfies the

following properties:
)20, 2 Ay (x,)=1 (4.3)
i=1

The block diagram of the proposed fuzzy transparent state convergence scheme is shown

in Fig. 4.1. From the block diagram, we can write the TS fuzzy control law for the master

system as:
um:bL h (x> dx,+> (812, +7, )%, (t=T)+F, (4.4)
ml i=1 J=1 J=1

By plugging (4.4) in (4.1), the closed loop master system dynamics can be obtained as:

n

O STER) NS SRS o PR S st 45

j=1
Note that we will consider n™ component of the system dynamics throughout the rest of

the paper as in (4.5). Let us now introduce the time invariant coefficients for the master

system as:
ij = dmij — 4, (46)

mij

With the coefficients in (4.6), the closed loop master system in (4.5) can be simplified as:

=Y, +h, z( 22, +1,) %, (1=T)+b,F, @7
j=1 =1

48



d ( d
ml
X
“ y
F, » 4+ ;c/y,:]f,,(x,,,)+g (x,)u > ]’lm >
Yo =h,(x,)
A 4 A
G] e_TS Rm e Ts
A
A 4
e Ts G2 Rg‘ e Ts
A 'y
Ug Vs
= » hS [
Xs fx(xs)+gs(xx)us P >
Vs = h.x (xs)
A S
b.\'l
hi g
Ze e

Figure 4.1 Proposed fuzzy transparent state convergence method

Now, to close the loop around slave system, the following TS fuzzy control law is

introduced (see Fig. 4.1):

u, _Zh Z(Z’ }r +z rx,, (t=T)+g,F, (t-T) (4.8)

J=1 1

The closed loop slave system can now be computed using (4.1) and (4.8) as:

xm—Zh Z( —ay bz, )X, +bv1 rox (1=T)+byg,F, (1=T) (4.9)

J=1
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Similar to the master system, we define the time invariant coefficients for the slave
system as:

¢, =dg—ay (4.10)

With the definition in (4.10), the closed loop slave system in (4.9) can be written as:

n

).cm ZZ(% +b,z, )x +bYl

J=1

(t—-T)+b,g,F,(t-T) (4.11)

YJ mj

As a part of the design procedure, state convergence method assumes the time delay in
the communication channel to be small and the operator’s force as constant. Thus, Taylor

expansion of first order can be used to approximate the time delayed terms as:

X, (1-T)= X, _T.;ij

x, (1=T)=x, ~T x4 (4.12)
F (t-T)=F,-TFn=F,

With the approximation in (4.12), closed loop master dynamics of (4.7) can be written as:

. n n-l1 .
xmn=2cmjxmj+b Z(&Z +r, ) bmlTZ(glz +rmj)xxj—
j=l j= (4.13)

ml

b T(glzm +r,, ) xm+bm1Fm

Similarly, closed loop dynamics of the slave system in (4.11) can be approximated as:

n

).cm ZZ(% +b,z, )x +bYl

J=1

YJ mj

n-1 .
%, b T 1 Xy b, T, Xon+ b, 8, F, (4.14)
Jj=1

By plugging (4.14) in (4.13) and using the phase variable representation of the slave

system, closed loop master system dynamics of (4.13) can be written as:

Z(ij _Tbmlbxl (glzen + rmn ) ’jvj ) xmj +

: 1 Z(bml(glzej+rmj)—Tbml( 120 +rmn)(csj+bslzej))xsj—
" (=T, b, (g o))

s1%sn

n-1
Tble(gIZej+r ) Sj+l+Tb bxl glZ +I" z sj mj+1
Jj=1

(bml _Tbmlbslg2 (glzen + rmn ))En

(4.15)
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Similarly, by plugging (4.13) in (4.14) and using the phase variable representation of the

master system, the closed loop slave system dynamics of (4.14) can be written as:

1

n

2.

J=1

i (e, +byz, —Tb,

b.r.-Tb.r c

s1%sj s1"sn™~"mj

b r

ml’ sn

Xsn

(1-77b,.b,r,

s1"sn

(glzen +rmn

J=1

))

b r

ml” sn

n—1
2
Tbxl z ’/;jxmj+l +T bsl
j=1

(bsng - Tbslb r

ml” sn

)F,

)xmi +

(glzej t ))xsj -

n—1

Z(glzej + rmj)xsjﬂ -

j=1

(4.16)

Let us now define the state convergence error between master and slave systems as:

X

¢

=X, "X J =12,...n

4.17)

We now write the closed loop master system dynamics of (4.15) in terms of state

convergence error as:

1
b.r

s1%sn

Xom =
(1-77,,

)

r

mn

(glzen +

u ij _Tbmlbsl (glzen +7

mn

)(ij + bxlzej )

-Tb

ml

=1\ Th T,

( )

(szmlbsl (glzen +

(glzen +

b

ml

.M=

s (glzen+

mj

(glzej +

J
n

r

mn

) ry— Tbml

J
n-l1

Tble(ngej + rmj ) xej+1 + (bm

Jj=1

)rsj +b,, (glzej + mj)_

1 _Tb bsng (glzen +

mj

r )(cxj +b,z, ))xej +

(glzej T ))xij +

)

F

m

r

ml mn

(4.18)

Similarly, the closed loop slave system dynamics of (4.16) is also written in terms of state

convergence error as:

1

Xsn =

(1-7°b,,b,r,

s17sn

(glzen +rmn))
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i Cay' +bslzej _Tbslbmlrsn (glzej +rmj)+ X+
mj
Jj=l1 bslraj _Tbslrsncmj
n
(Cay' + bslzej - Tbslbmlrsn (glzej + rmj )) xej +
j=1
n—1 5
(T bslbml’rm (glzej + rmj ) _Tbslrr?j )‘xmj+1 -
j:
) n—1
T bslbmlrsn Z ( glzej + rmj ) xej+1 - (bsng - Tbslbmlrsn ) Fm
j=1




(4.19)
By taking the time derivative of (4.17) and using (4.18)-(4.19), we find the closed loop

error dynamics of the teleoperation system as:

¢y =TD,b,, (812, +1, )rx/ +b, (glze.f +rmf)_

en mn

Z Tbml (glzen + r;nn)(csj +b51z(’j)_csj _bslzej + ij —
Tbxlbml’;n(glzej—i_rmj)_b r+Tb r.cC

s17sj s1sn—mj

u cAj +bslzej _Tbslb T (glzej + mj)_

ml’ sn

1 > x, +
(1-77b,,b,17,, (81200 +T;0)) 7 Do (812 1 )+ T0,0 (8120, + 1) (€ +D,12,)

s17sn mn

Xen =

n-l szmlbxl (glzen + rmn ) r\/ - Tbml (glzej + rmj ) -

mj+1

=\ T°b,b, 1 (glzej+rmj)+Tb T

ml’sn s17sj

(Tbm1 (gnze_/ + rmj)+T2bxlbmlrsn (glzej + rmj))xe.fﬂ +

-Tb bslgz(glzen'Fr )_bslg2+Tbslb s )F;n

it ~ 4 Oy n tVon
(4.20)
We now form an augmented system of the closed loop master-error systems’ dynamics
using (4.18) and (4.20) as:
x Ly (@), (az), (x””'j+i[blij 4.21)
Yon D5 (a21)j (a, )j Xj ) D\b,

where the entry (axy)j implies evaluation at 7" state and all the entries in (4.21) are given
as (with the zeroth index values being zero: r,,=0,r,=0,z,,=0):

all = ij _Tbmlbsl (glzen + rnn ) rsy' +bm1 (glzej + rmj)_Tbml (glzen + rmn )(Csy' +bslzej ) +

I

szmlbsl (glzen Tl ) rya—Tb,, (glzej—l + rmj—l)
a,=b, (glzej +1, ) -Tb,, (glzen +r,, )(cv + bslzej ) +7b,, (&Zej-l + rmj_l)
)rsj +bml (glzej + rmj ) - bml (glzen + r;nn )(Csy' +bslzej ) -

¢, —b,z,,+Tb,b,r, (glzej+rmj)—b r,+Tb,r,c, +T°b, b, (g2, +r,

ml”sn s17sj s17sn™mj en mn)

a, =¢C, -T1b,,b, (glz +7,

en mn

T~

Tb,, (8. )+Tb,r,

2
+ Fnjt ) =T bslbmlrsn (glzej—l +7 s17sj-1

ej—1 mj—1

a22 = Caj +bslzej _Tbslb I, (glzej +r

ml”sn mj

)—bm1 (glzej +r, ) +7Tb,, (8,2, + 7, )(Cv +b,z, ) +
b

ml (glzej—l + rmj—l ) + szslbmlrjm (glzej—l + rmj—l )
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(4.22)
b =b, ~1b,b,8,(8%,+7,,)
b,=b,, —Tb,b,8,(8,2,, + 1) —bug, +Th,b,,r (4.23)

ml’ sn
D 1 sz bvlrvn ( Z en + rmn)

According to the method of state convergence, error should evolve as an autonomous

system. This will happen upon the satisfaction of the following conditions:

(aZI)j =0,j=1,2,..,n (4.24)

b,=0 (4.25)
Once the error will behave like an autonomous system, augmented system of (4.21) can

be assigned the desired dynamic behavior. This leads to the following conditions:
(S_(all)j):(s+pj),j:1,2,...,1’1

(4.26)
(s—(azz)j)=(s+qj),j=1,2,...,n

where the coefficients p;and g;form the desired polynomials for master and error

systems respectively:

s: + pns::: +..+p,s+p =0 427)
s"+q, 5" +..+q,s+q, =0

The design conditions (4.24)-(4.26) ensure that the states’ error converges to zero and the
master system exhibits the desired behavior. However, the convergence of force error is
not guaranteed. To achieve that the operator force matches with the environmental force
in steady state, we first compute the transfer function of the closed loop augmented

system of (4.21) under the effect of autonomous error system:

X (s) (num)

,j=12,..
E,(s) (den J
)" s n>2,j=1,2,...n
(num) (4.28)
s 1b n=2
den 5" an Sn —(all)n_lS"_Z—...—(all)zs—(a“)l

The transfer function in (4.28) can now be evaluated at steady state and compared against

the stiffness of the environment as:
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x,(0)_ b5 1 (4.29)

E, _(an)l Ze1

The design condition (4.29) ensures that the force error will converge to zero in steady

state. Now, we have 4n+2 design variables: 815825CyjsCyis js Ty j=12,...,nwhile the

mjo i
number of design equations (4.24)-(26), (4.29) are 3n+2. To create a balance, we let:

T = ~Cois j=12,...,nwhich will reduce the number of design variables to 3n+2.

mj
However, to achieve that the environmental force is fully reflected to the operator, g has

to be unity which will again create an imbalance between the number of design variables
and the design equations. To overcome this, DC coefficient of the desired master system
polynomial is constrained by the other teleoperation system’s variables and now the

design procedure is balanced.

4.2. SIMULATION RESULTS

In order to validate the proposed fuzzy model based transparent controller, MATLAB
simulations are carried out using a one DoF nonlinear teleoperation system which can be

described in state space form as:

X 0 1Y x,) (0
.7 + u, (4.30)
X2 _azlgz _aZZ sz bzl

where x_ and x,are the state variables representing the position and velocity of the

i t
master/slave systems, a_, =mz—glx,az2 =£, b _ L and & (1) =M is the
Jz z ‘Iz 'le (t)

corresponding scheduling variable. The description of the parameters contained in (4.30)

along with their numerical values is given in Table 4.1. To construct the TS fuzzy model

of the teleoperation system, we determine the extreme values of the scheduling variable

over the range of its operation, which is assumed to be [-7/3 7 /3] in this study. The

extreme values are found to be & =0.827and & =1.0 which further help in

constructing the following fuzzy sets:
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1 ,x, =0
Iol(fz): fz_ézmin x ?50

fmax _fmin i
P, (fz)zl_pl (51)

TABLE 4.1

SYSTEM PARAMETERS FOR MASTER AND SLAVE SYSTEMS

Definition

Mass of the master, m,,(Kg)
Length of the master, ,,(m)

Inertia of the master, Jm(Kg-mz)

Viscous friction coefficient of master,

b,,(Nms/rad)

Acceleration due to gravity, g(m/s°)
Mass of the slave, my(Kg)
Length of the slave, [(m)

Inertia of the slave, Jy( Kg-m2 )

Viscous friction coefficient of slave,

by(Nms/rad)

Value

0.5

0.5

0.0417

0.5

9.81

2.0

1.0

0.67

1.0

Based on (4.31), the two rule TS fuzzy model of (4.30) can now be given as:

o
rlan e

—da

. .;Czl 0 1
Model Rule 1: IF & is p, THEN | = |=

Xz2

. ).Czl 0 1
Model Rule 2: IF { is p, THEN | = |=

4., T4,

Xz2

a1 "4

(4.31)

(4.32)

(4.33)

The parameters in (4.32) and (4.33) for master and slave systems are computed using the

entries of Table 4.1 and are given as:
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a,, =58.86,q,,=12.0,b,,, =24.0 (4.34)
a,, =48.67,a,, =12.0,b,, =24.0 .

a, =2943.a,,=150b, =1.50

(4.35)
as21 = 24'347 as22 = 1.50, bs21 = 1.50

Besides system parameters, we need environmental model and the desired polynomials
for master and error systems to obtain the control gains. The environment is assumed to

behave like a spring-damper system with the following parameters:

Z,=—(0.8 0.02) (4.36)
Also, the desired polynomials for master and error systems are selected as:
p(s):s>+10s+p, =0

(4.37)
q(s):s>+10s+25=0

Note that the last coefficient p, of the desired master polynomial cannot be chosen freely

as it is constrained by other parameters and will be determined as a part of the solution. It
is pertinent to mention that the selection of the desired polynomials in (4.37) is vital to
ensure the stability and performance of the time delayed closed loop teleoperation
system. Now, by considering the time delay in the communication channel to be

T =0.01s and g, as unity, we obtain the following solution to the design equations (4.24)-

(4.26),(4.29) through MATLAB symbolic toolbox:

p,=21.2416

g, =19.8151

C =(c, ¢,)=(0 0.3805)

C =(c, c,)=(-50.5539 —-22.8256) (4.38)
R, =(r, r,)=(0 -0.3805)

R =(r, r,)=(18.6505 7.9608)

In order to implement the fuzzy logic controllers on master and slave systems, we
determine the control gains based on the solution in (4.38), system parameters in (4.34)-

(4.35) and the time invariant parameters in (4.6),(4.10) as:
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D, =(d,, d,,)=(5886 12.38)
D,,=(d,, d,,)=(48.6768 12.38)
D, =(d,, d.)=(-21.1239 -21.3256)
D,=(d, d,)=(-262155 -21.3256)

(4.39)

We now simulate the nonlinear teleoperation system of (4.30) by using the system
parameters in Table 4.1 and the control gains in (4.38)-(4.39). The behavior of the
teleoperation system as the operator applies a constant force of 0.IN is depicted in Fig.
4.2. It can be observed that slave system is following the trajectory of the master system

starting from the same initial conditions. Also, observe that the master system exhibits
the desired dynamic behavior as assigned through the polynomial p(s). The control

inputs for both the master and slave systems in this case are also recorded and displayed
in Fig. 4.3. It should be noted that the transparency optimized state convergence scheme
is found to be sensitive to actuator saturation phenomenon and can easily be driven to
instability. Thus, poles of the closed loop teleoperation system should be selected
carefully to avoid the actuator saturation problem. We also analyze the environmental
force which is reflected onto the master system. Figure 4.4 shows the operator’s applied
force as well as the force reflected from the slave system as it interacts with the
environment. It can be observed that the operator is able to fully perceive the
environment during the steady state. This result coincides with the design condition
(4.29) which only ensures the force tracking in steady state. The behavior of the closed
loop teleoperation is also analyzed under the application of more realistic time varying
operator’s force. The position and force tracking results for this case are shown in Fig.
4.5. It can be observed that the slave system is at different initial position than the master
system and is able to catch the master system after a transient. However, a constant force
reflection error is observed during the ramp period which is disappeared when the force

becomes constant.
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Figure 4.5 Performance of teleoperation system with time varying operator’s force (a) Master-slave

position signals (b) Operator-environment forces

We also analyze the effect of uncertainties on the performance of the closed loop
teleoperation system. To this end, we first consider 100% uncertainty in the time delay.
With the same control gains as in (4.38)-(39) and considering 7 =0.02s, we simulate the
teleoperation system under the application of a constant applied force measuring 0.1N
and the results are shown in Fig. 4.6. It can be seen that although the state convergence
between master and slave systems is achieved, a deviation from the desired dynamic
behavior is evident. Further, this deviation increases as the uncertainty in the time delay
increases which can be observed from Fig. 4.7 where a 200% uncertainty in the time
delay (7 =0.03s) is considered. However, the transparency of the teleoperation system is
achieved in steady state as both the slave position signal and the environmental force
match with the master position signal and the operator’s applied force after the transient

period.
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coefficient of viscous friction on the performance of teleoperation system. The result of
this analysis is shown in Fig. 4.8 where a 50% uncertainty is considered in the coefficient

Besides the uncertainty in the time delay, we also study the effect of uncertainty in



of viscous friction of both master and slave systems. It can be seen that the teleoperation
system is exhibiting a sluggish response. The effect of adding the uncertainty in the time
delay and the coefficient of viscous friction at the same time is shown in Fig. 4.9. It is
evident that the uncertainty in the coefficient of viscous friction has a greater impact in
degrading the system’s performance.

Finally, we compare the performance of the proposed fuzzy logic controller with the
existing linear controller in achieving the transparency during large range operation. The
linear controller is derived from the proposed controller using (4.40) and is given in

(4.41).

- )i =12n
" (4.40)
k, =i(asj +c¢,).j=12.un

sl

K, =(k, k,)=(24525 0.5159)

m

K, =(k, k,)=(-14.0826 -14.2171)

s

k . =L(amj+c

mj

(4.41)
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Figure 4.9 Effect of 50% uncertainty in the coefficient of viscous friction and time delay on the

performance of teleoperation system (a) Master-slave position signals (b) Operator-environment forces

By considering the final position to be reached as 1 rad, the nonlinear teleoperation
system is simulated and the performance of the two controllers is recorded. The errors in
the position and the force signals for the two cases are then computed and are displayed
in Fig. 4.10. It can be observed that the proposed fuzzy logic controller has shown
superior performance as the error in position and force signals has converged to zero
while a constant position and force error is seen in case of the linear controller. Thus,
perfect transparency is achieved by the proposed fuzzy logic controller in steady state

under the presence of sufficiently small communication time delay.
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Figure 4.10 Comparison of proposed fuzzy logic controller and existing linear controller (a) Master-slave

position error (b) Operator-environment force error

4.3. CONCLUSIONS

This chapter has presented the design of a fuzzy model based transparent controller for a

nonlinear teleoperation system based on its TS fuzzy description. The proposed TS fuzzy
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logic control laws for the master and slave systems allow using the method of state
convergence in its true sense. The feasibility of the presented approach is evaluated
through simulations in MATLAB environment on a one DoF tele-manipulator. It is
concluded that the proposed approach can control a nonlinear teleoperation system with a
small time delay in the communication channel. Future work involves enabling the
scheme to work in the presence of time varying delays. The robustness of the scheme to

parameter uncertainties need to be improved as well.
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CHAPTER 5: FUZZY STATE CONVERGENCE METHDOLOGY
FOR UNKNOWN ENVIORNMENT

This chapter employs the fuzzy state convergence approach developed earlier in chapter 3
to the case where the slave’s environment in not known. A variant of the standard state
convergence architecture, proposed in [98], is used to handle the case of unknown
environments. A PDC type fuzzy control law is employed to derive the design conditions
for the state convergence between master and slave systems. MATLAB simulations
confirm the validity of the presented approach for controlling the nonlinear tele-robotic

system in unknown environments.

5.1. PROPOSED FUZZY BILATERRAL CONTROLLER FOR UNKNOWN
ENVIORNMENTS

The design of state convergence based fuzzy bilateral controller for unknown
environments in the presence of time delays is presented here by considering two classes
of tele-robotic systems following the lines of [149],[150] i.e., the tele-robotic systems
which do not contain zeros and which contain zeros in their differential equations.

Consider a nonlinear tele-robotic system which can be approximated by the following

class of TS fuzzy models:

S.D
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Xz1 = )CZZ
Xz2 = 'xz3

(5.2)

r

. n
Xon = _Z hi (xz )Zazi/’xzi T,
j=1

i=1
n
Y. = zbrszj
j=1

where i, (x_ ) is the normalized firing strength of the i TS fuzzy plant rule and subscript

‘7’ represents either master (z=m) or slave (z=s) devices. Note that the model definition
(5.1) represents the tele-robotic systems which do not have zeros in their differential
equations while the model definition (5.2) corresponds to the tele-robotic systems which
have zeros in their differential equations. Both of these systems fall under the class of TS
fuzzy models with common input and common output matrices. To stabilize these
systems, a fuzzy control law proposed in [131] is employed in this study which will also
allow us to use the state convergence method to establish the design conditions in
Theorems 5.1 and 5.2 for controlling the nonlinear tele-robotic system in the presence of
communication time delays. The block diagram of the proposed extended scheme is
shown in Fig. 5.1.

Theorem 5.1: Fuzzy state convergence is established between master and slave
manipulators modeled by (5.1) and communicating over a dedicated link with constant
sufficiently small time delay, if 3n+2 control gains are found as a solution of the design

conditions (5.3)-(5.10):

bsng_(1+Tbslrsn)bml :0 (53)
bsl +(1+Tbslrsn)bm1g1 :0 (54)
Csl +bslrsl - (1+Tbslrsn )le = O (55)
Csn +bslrsn _(1+Tbslrsn)cmn _Tbslrsn—l = 0 (56)
csl +bslrsl _Tbslrsncml = _pl (57)
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Csl +bslrsl _Tbsl (r:vncmn + rsn—l ) = _pn
byr, _(1+Tb K )le =4

s1"sn

b,r, —(1+Tb,r, )c,, —Tb,r.., =q,

s17sn s1%sn s17sn—1

(5.8)

5.9

(5.10)

v

Vs

hi e
il |
ml
I
Un
Fm — ).C/n =fm (Xm)+gm (xm)um : hm
Y =, (x,)
v \ 4
e'T" G] e—Ts
e—Ts G2 Rs "
» hs
h e

Figure 5.1 Fuzzy state convergence scheme for unknown environments
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Proof: Consider the TS fuzzy control law for the master manipulator as:
=—Zh deu Xy +F,+8.f (1=T) (5.11)
ml i=1
Note that the TS fuzzy plant models and control laws share the same membership
functions in this study. The closed loop dynamics of the master manipulator can now be

given as:

n

).cmn=zr:h[(xm)2(dm a, )%, + b F, +b,2,f, (1=T) (5.12)

j=1
Let us define the time-invariant coefficients for the closed loop master manipulator as:

Coy =y = (5.13)

Using knowledge of the coefficients in (5.13), the closed loop master manipulator in

(5.12) becomes:

}cmnzz(: x +b F +b g f (1-T) (5.14)

mj~mj

Now, we define the TS fuzzy control law for the slave manipulator as:

:—Zh Zdwxv+z rx, (t=T)+g,F, (1=T)-f, (5.15)
Yl i=1

The control law in (5.15) gives rise to the following closed loop slave manipulator
dynamics:

xa =Y h(x)(d,,—a,)x, +b§1 rx, (t=T)+b,g,F, (t-T)=b,f, (5.16)

j=1
Similar to the case of master manipulator, we define the time-invariant coefficients for

the slave manipulator as:

¢, =d,—a, (5.17)

sij

Using (5.17), the closed loop slave manipulator dynamics in (5.16) can be simplified as:
Xon _Zcuxy +bﬂz r%,; (1=T)+b,g,F, (t—=T)— b, f, (5.18)

The time delay terms in the closed loop master (5.14) and slave (5.18) systems can be
replaced by their Taylor expansion. Since the time delay is assumed to be small, the

higher order terms in the expansions are neglected and assumptions of constant operator
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and environmental forces are used. This leads to:
X, (t1-T)= X, _T.;ij
F (t-T)=F,~TFn=F, (5.19)

f(=T)=f,-Tf, =T,

Using (5.19), the closed loop master and slave robotic systems can be given as:

X = D CoXy +0,0F, 0,8, ], (5.20)
j=1
Xsn = chxéj +b31z T X Tbslzrsj Xmi+b,8,F —b, f (5.21)
j=1

The closed loop slave dynamics (5.21) can be further simplified by considering the phase

variable representation of the master manipulator (5.1) and its n™ dynamics (5.20) as:

Xsn —chxv +b,, ( =Tr,c ) TbYl -Tb,,r.

sn-mj v mj+l ml vn)

j=l (5.22)
—bS1(1+Tg1b r )fY

ml” sn
Let us now define the state convergence error for the tele-robotic system as:

Xy =X; =X, J=12,....n (5.23)

ej sj
The closed loop slave manipulator dynamics in (5.22) can be modified to include the

State convergence error as:

.;:sn = Zn: (c + bslrw Tbslrmcmj ) —b,, Zn:( Trmcml ) ~Tb,, nz_l FiXan
= = g (5.24)
+ Tbsl z e]+1 Tbml’/:vn ) Fm _bsl (1 + Tglbmlrsn ) fs

Taking the time derivative of (5.23) for j=n and using (5.20), (5.22) and (5.23), we

obtain the error dynamics of the tele-robotic system as:

. n n
Ken = z (C + berYJ Tb?lr?ﬂcmj ij ) xﬁj N z (bvl Yj Tbvlrmcmj mj ) )C - Tbvl
Jj=l j=1

y+1

Tbvl ej+l v1g2 Tb b p _b ) m_(bs1+Tglb b r +b lgl)f

ml’ sn ml” sn

(5.25)

The slave (5.24) and error (5.25) dynamics can be grouped to form the augmented
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dynamics of the tele-robotic system as:

).Cm n (all)j (alz)j X bll b12 Fm
Xon ;((azl), (azz)jJ(Xejj—i_(bm bzzj(ij (5.26)

where, the entries (e) in the state matrix imply evaluation at a particular value of ;.

These entries, with the initial condition of r,, =0, are:

a, =c;+b,r, =Tb,r,c,. —Tb,r,

s1%sj s1%sn~" mj s1"sj—1

a, = _bslrsj + Tbslrsncmi + Tbslrsj—l (5.27)
aZl = Csj + bsl’/:vj _Tbslr:vncmj - Cmi _Tbslr;ji—l
ay = _bslrsj + Tbslrsncmj tc, + Tbsl’/;j—l
Also, the entries in the input matrix of the augmented system are:
bll = bsng - Tb‘vlbmlr;n
b,=-b,-Tgb b r

12 sl 17517 ml" sn (528)
b21 = bsng - Tb‘vlbmlrrvn - bml
by, =b,+Tgb,b, 1, +b,,8,

According to the method of state convergence, error should evolve as an autonomous

system which requires that the matrix entries b,;,b,,(5.28) and (a,,), (5.27) are zero.

This leads to the following conditions:

bsng _Tbslbmlrsn _bml = 0 (529)
bsl +Tglb‘vlbmlrjvn +bm1gl = O (530)
¢y +bs1rsj — bslrmcmj —Cpy —Tbvlifvj_l =0,j=12,...,n (5.31)

After the error will evolve as an autonomous system, desired dynamic behavior can be
assigned to the tele-robotic system (5.26) by comparing the system’s characteristic

polynomial with the desired one as:
(s—(all)i)=(s+pj),j=1,2,...,n

‘ (5.32)
(s—(azz)j)=(s+qj),j=1,2,...,n

where, p,and g; are coefficients forming the desired slave and error polynomials

respectively:
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s"+ps"+..+p,s+p =0

(5.33)
s"+q 8"+ +q,5+q =0
Pole assignment (5.32) for slave and error systems yields the following conditions:
¢y +bslrsj —Tbslrmcmj —Tbslrsj_l =-p; j=12,..,n (5.34)
bslrsj —Tbsllfmcmj —Cpy —Tb‘vlrxj_1 =q;, j=L2,...,n (5.35)

Proof follows from (5.29)-(5.32), (5.34) and (5.35)m
Remark 5.1: The design method provided by Theorem 5.1 will yield the coefficients

¢,;and cfor stabilizing the master and slave manipulators. Note that these coefficients

are not the actual control gains to be implemented. Rather, they act like a bridge between
the state convergence based linear bilateral controller [87] and the proposed state
convergence based fuzzy bilateral controller for the tele-robotic system, as the control
gains in both cases can be determined from knowledge of these coefficients. Based on
these coefficients along with the time-varying system’s coefficients, the implemental
fuzzy control gains for master and slave manipulators can be determined from (5.13) and
(5.17), respectively. For the case of linear tele-robotic system [87], these coefficients can

be used to find the implemental control gains for the master and slave devices as:

kmj =bi(ami+cmj),j:1,2,...,n
1"“ (5.36)
ksj =—(asj +c5j),j=1,2,...,n

sl

Where a,, and a,; are the time invariant system’s coefficients for master and slave

devices respectively. Thus the design method of Case 1 in [89] has become a special case
of Theorem 5.1 as the control gains for linear bilateral controller of [89] can be derived
from it.

Theorem 5.2: Fuzzy state convergence is established for the time-delayed tele-robotic
system given by (5.2), if 3n+2 control gains are found as a solution of the design
conditions (5.37)-(5.44), and (5.45) is also satisfied:

b,g,—b, —Tb,r, =0 (5.37)

mn sn-sn

b, +(b,, +Tb,r,)g =0 (5.38)

mn sn-sn
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bsn (bmlcvl +bv1rvl) (b +Tb r, )b cml O (539)

mn sn-sn

b (bmncvn + bvn rvn Tbmn rvn 1 ) (bmn + Tbvn rvn )bvn mn = O (540)

bmlcvl +b ( Trvncml) plbml (541)

bmncsn + b (r - Trsncmn Trsn 1 ) = _pnbmn (542)

bvn rvl (b + Tbm rvn ) ml qlbmn (543)

bsn (r:vn _Tr:vn 1) (b + Tbsnr:vn ) mn = qnbmn (544)

b b b

b,=b —*~b,=b,—* ..b =b = 5.45

sl ml bmz 52 m?2 bm3 sn—1 mn—1 bmn ( )

Proof: Consider the tele-robotic system which can be modeled by (5.2). Using the control
laws for master (5.11) and slave (5.15) manipulators with b, =1and the corresponding

time varying coefficients (5.13), (5.15), we obtain the closed loop dynamics for master

and slave manipulators as:

Xom = ZCW x,+F, +gf (t-T) (5.46)

xm—chxﬁz r%,; (1=T)+g,F, (1=T)—f, (5.47)

We now define the more general form of the state convergence error as:

X, —b X -b x Nj=12,...,n (5.48)

mj~ mj
The closed loop slave dynamics (5.47) can be written in terms of the state convergence

error (5.48) as:

. n b
Xsn ZZ{C +7, b—_Trsn mj b z Xej _Tz Ty bsﬁl 51+1+Tz Keji

J=1 mj WL] mj+1 J=1 m1+1

(’”s, —-Tr c )

sn-mj

(5.49)

In case of the tele-robotic system modeled by (5.1), we have only considered the n™-error
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dynamics. However, in the present case, we will consider all the states of error dynamics
due to the presence of zeros. Using (5.48) and (5.2), the first n-1 components of the error

dynamics can be given as:

b

mj+1

: bsj+l bmj .

xo =| b;=b,, 5 Xy +— X0, J=L2,..,n—1 (5.50)

The n™ part of the error dynamics can be obtained from (5.48), (5.46) and (5.47) as:

c b, b, b, (b1, =T, 1,Ci = b )

Xen = z bvncv +bvnrv P sn'sn>m bmncm' . jx‘v' - z L L e Xej
( ] ] b 1j b 7 bmj ) b ]

Jj=1 mj mj J=1 mj

n—1

+ Tbm rsj 'xej+l + (bsngZ Tb F b ) F;n - (bvn + Tglb Iyt bmngl ) fv

sn-sn mn sn-sn

n—1
-Tb,,
j=

I"ij‘v-+1
J=1 Ymj+1

(5.51)
From the knowledge of (5.2), (5.49), (5.50) and (5.51), the augmented slave-error

dynamics for the tele-robotic system containing zeros can be written in matrix form as:

).cs A, AL x, B, B,\(F,
B * (5.52)
-;Ce (AZI AZZJ('XEJ (Bn Bzgj(fs j

where x and x, are n-state vectors while the entries of the system matrix with initial

condition being r,, = O are:

O(n—l)xl In—l
A, = b, b, b, (5.53)
(csj +rsj b. _Trsncmi b. _Trsj—l b.
mj mj M 1xn
O(n—l)
A, = 5.54
12 ( —r, +Tr,c,. +Tr,_ 1) ( )
mj
0(" i diag [bv b, bw J
mj+1 n—1
b, b,
A21 = bmcsj +bmrsj _Tbsnrsncmj . (5‘55)
mj bmj
bsj
_bmncmj b . _Tbsnrvj—l
Ixn
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. bmj
O(H_l)Xl diag 5
mj+l J, 4

L(—br+Tbrc +b ¢ . +Th_r. )n

sn” sj sn’sn mj mn~ mj snsj=1 )1

A, = (5.56)

mj

Also, the entries in the input matrix of (5.52) can be given as:

0 0
(n—1)x1 (n—1)x1
B11 :(_ ''''''''''' _}’Blz :{_ ''''''''''''''' } (557)
8~ Tr, —1-Tgr,

(5.58)

0(n—1)><1
B, =
_bm - Tg lbvn rvn bmn g 1

Now, in order for the state convergence error to evolve as an autonomous system, we

must set B,,, B,, and A, as zero. This leads to the following conditions:

b,8,~1b,r, —b,, =0 (5.60)
_bsn _Tglbvnrvn bmngl = 0 (561)
by —b, 230, =12 1 5.62
si Cmj =V, J=L4,.,n— ( . )
mj+1
b .
bsncw +bsnr51 e sn'sn-mj b bmn mj b s’ sj—1 O’ -] = 1’ 2”"’n_1 (563)

mj
Once the master-slave state error evolves as an autonomous system, the desired dynamic

behavior can be assigned to the tele-robotic system (5.52). This is achieved as:
|sT— A, |=]|sI+P|
|sI —A22| = |sI +Q|

where matrices Pand Qcontain the coefficients of the desired slave and error

(5.64)

polynomials (5.33) respectively:

O R N T e (5.65)
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The following conditions can be obtained after operating on (5.64):

by T. by T. by i=1,2 (5.66)
cytr,—— r.C. ——=Tr, =-p.,j=L2,..,n .
bmi ' b ; bmi !
1
b_(an sj Tbvnrvncmj bmncmj _Tbvn sj— 1) q1 .] 1’ 2""’" (567)

Equations (5.60)-(5.63), (5.66) and (5.67) complete the proof m

Remark 5.2: The tele-robotic system modeled by (5.2) needs extra conditions (5.45) to be
satisfied. This is to ensure that steady state error does not exist between the master and
slave states [89].

Remark 5.3: The design conditions of Theorem 5.2 are likely to be used when the master
and slave manipulators in tele-robotic system have different orders. The extra pole-zero
pairs are inserted to equalize the orders in which case Theorem 5.2 is required to design

the bilateral controller.

5.2. SIMULATION RESULTS

To validate the proposed fuzzy bilateral controller based on the state convergence
scheme, simulations are conducted in MATLAB/Simulink environment on a tele-robotic
system which is comprised of single link master and slave manipulators moving in the

vertical plane with the following differential equation description:

J.0.+b 0.+m.gl sind. =u. (5.68)
The parameters of the tele-robotic system (5.68) are defined in Table 5.1 along with their
numerical values. Since the state convergence method uses state space to model the tele-

robotic system, we transform (5.68) in state space form by selecting the position x =6,
and velocity x,, =@, signals as state variables:

X1 = sz

5.69)
m_gl. b 1 (
X =——2E 8 X +—u
2 JZ fz a J zZ JZ z
sinx, (1) . ) )
where & (1)=————+ ) will serve as the scheduling variable for the TS fuzzy models
t
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and controllers of master/slave manipulators. Let the universe of discourse for the angular

position of these manipulators be confined to the range[-7/3 7/3]. This will allow to

=0.827 and &

z

compute the extreme values of the scheduling variable to be & e = 1.0

The following fuzzy sets can now be defined to form the TS fuzzy model of master/slave
manipulators as:

1 ,x, =0
pl(fz): égz_égzmin ’x 750

fzmax - fzmin ‘!
P, (f) =1-p (ég)

Note that only two fuzzy sets p, (& ),i=1,2are used here to construct the TS fuzzy

(5.70)

model and therefore the normalized degree of memberships, 7, (g"z),i =1,2will be the

same as (5.70). Using the fuzzy sets in (5.70), the fuzzy plant rules for master/slave

manipulators can be defined as:

Table 5.1 Tele-Robotic System Parameters

Parameter Value
Mass of the master, m,,(Kg) 1.0
Length of the master, /,,(m) 0.5

Inertia of the master, Jm(Kg-m2 ) 0.083

Viscous friction coefficient of master,

b, (Nms/rad) 20
Acceleration due to gravity, g(m/s°) 9.81
Mass of the slave, my(Kg) 5.0
Length of the slave, [(m) 1.0
Inertia of the slave, JS(Kg-m2 ) 1.67
Viscous friction coefficient of slave, 20

by(Nms/rad)
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Model Rule 1: IF £ is p, THEN

X1 = sz

. (5.71)
X2 ==A,, X, —a,,X,+D, 1,
Model Rule 2: IF £ is p, THEN
X=X
e (5.72)

Xe2 = =05 X, =0 X5+,
Using Table 5.1, the numerical values of the model parameters in (5.71) and (5.72) for
the master and slave manipulators are found as:

a, =5886a,,=240,b =120
a,, =48.67,a,,, =24.0,b , =12.0

m

(5.73)

a, =2943,a,,=120,b, =0.60

(5.74)
ale = 24'347 as22 = 1.20, bel = 0.60

Note that the tele-robotic system in (5.68) does not contain zeros. Therefore, we will use
the design conditions provided by Theorem 5.1 to find the control gains. Let us first
consider that there is no time delay in the channel [19]. By placing the desired slave and

error poles at s,, =—4 and s, =—5respectively, we obtain the following control gains as

a solution of design conditions (5.3)-(5.10) with 7 =0

g, =-0.05
8, =20
C,=(c,, ¢,n)=(-16 -8) (5.75)

C,=(c, c,)=(-25 -10)
R =(r, r,)=(15.0 3.33)

s

The fuzzy control gains which will actually be implemented on the tele-robotic system

can be found using (5.13), (5.17), (5.73) and (5.74) as:
=(d,,, dm12)=(42.86 16.0)

Dml

Dm2 = (dm21 dm22) = (3267 160) (576)
D, = (dm dm) = (4.43 —8.80)

D,=(d, d,)=(-0.66 -8.80)
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For the purpose of comparison, we also compute the gains for the linear bilateral
controller using (5.36), (5.73) and (5.74) as:
K, =(3.57 1.33)

(5.77)
K,=(738 -14.67)

Although, the design conditions in Theorems 5.1, 5.2 are derived for an unknown but
constant environment, we also consider the dynamic environments in simulations. Figure
5.2 depicts three different types of environments with which the slave is interacting while
the performance of the fuzzy bilateral controller (5.76) in all these cases, when the
operator applies a constant force of 0.1N, is shown in Fig. 5.3. It can be seen that, in spite
of the unknown environment, the slave manipulator is able to track the master
manipulator and the desired dynamic behavior is also achieved. A more realistic case is
also considered when the operator’s force varies linearly with time. Such a force profile
is shown in Fig. 5.4 and the performance of the teleoperation system, under the
application of this force is shown in Fig. 5.5. It can be observed that master and slave
position states start to increase after a sufficient operator force is available to overcome
the environmental force. However, the motion of master and slave manipulators remains
synchronized.

It should be noted that the constant or slowly varying unknown environmental force in
Fig. 5.2 is bounded by a known value. If the bound is no longer satisfied, the master
manipulator will be influenced by the reflected environmental force as depicted in Fig.
5.6 [98]. In this case, operator can apply more force onto the master manipulator to
overcome the effect of bound. An evidence for this has already been provided in Fig. 5.5
and can also be observed from Fig. 5.6(a) where the environmental force is suddenly
increased to a higher value thereby violating the bound on the environmental force. This
results in a corresponding decrease in the position states which are later restored to their
previous values by the controller as the environmental force is decreased to its original

value.
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Figure 5.5 Master and slave states under varying operator’s force (T=0)

The proposed fuzzy bilateral controller is also compared with the existing linear bilateral
controller under the influence of constant applied force measuring 0.5N. The simulation
is run by assigning an initial position of 0.1 radians to the slave manipulator and the final
position to be achieved is 0.33 radians. The state convergence error achieved in both
cases is plotted in Fig. 5.7. It is clear that fuzzy bilateral controller provides better
performance during the steady state as compared to its linear counterpart. It should be
noted that final position in this case is within the range where the linearization is valid.
Also, if more force is applied by the operator, more steady state error will be offered by
the linear bilateral controller.

Now, consider the case of time delay in the communication channel between the master
and slave manipulators. By placing the poles of slave and error dynamics at the same

location s, =—4 and considering 7 =0.5, we obtain the control gains through the

design conditions (5.3)-(5.10) as (R, is found to be null):

(5.78)
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The implemental fuzzy gains for the tele-robotic system can be obtained using (5.13),
(5.17), (5.73) and (5.78) as:

D, =(d,, d,)=(42.86 16.0)

D,,=(d, d,)=(3267 16.0)

D,=(d, d,)=(1343 -6.8)

D,=(d, d,)=(834 -6.8)

m

(5.79)

Also, the control gains for the linear bilateral tele-robotic system are obtained using
(5.36), (5.73) and (5.78) as:

K, =(3.57 133)

(5.80)
K, =(2238 -11.33)

Under the influence of unknown environmental force and the constant applied force of
0.1N, the performance of fuzzy bilateral controller for the time-delayed tele-robotic
system is shown in Fig. 5.8. It can be seen that state convergence between the master and

slave manipulator is established and the desired dynamic behavior is also achieved.
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The robustness of the fuzzy state convergence controller to uncertainty in communication
time delay is also evaluated. Using the controller parameters designed for a time delay of
0.5sec as in (5.79), time delay in the channel is increased by 100%. The results of the
simulations are shown in Fig. 5.9. It is evident that despite the large uncertainty in time
delay, state convergence is successfully established along with the desired dynamic
behavior. Thus even if the time delay in the communication channel is not exactly

known, the state convergence controller will perform satisfactorily.

The comparison of the fuzzy and linear bilateral controllers for the time-delayed tele-
robotic system under a constant applied force of 0.5N is shown in Fig. 5.10. It can be
seen that the position tracking error converges to zero in case of fuzzy bilateral controller
while the linear bilateral controller suffers from steady state error which will further

increase with the increase in applied force.

5.3. CONCLUSIONS

This chapter has presented the design of fuzzy logic based bilateral controller for a tele-
robotic system operating in unknown environments using the method of state
convergence. First, the nonlinear tele-robotic system is approximated by a TS fuzzy
model. A fuzzy control law to cancel the double summation and coefficient varying
properties of the TS fuzzy model is then employed to establish the design conditions for
the bilateral operation of the tele-robotic system. The resulting design conditions can also
be used to derive the existing linear bilateral state convergence controller. MATLAB
simulations have proved the superiority of the proposed fuzzy bilateral controller in

providing better state convergence performance.
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CHAPTER 6: EXTENSION OF STATE CONVERGENC METHOD
FOR MULTI-SYSTEMS

This chapter presents the design of a state convergence based control of multi-master-
multi-slave systems. As pointed out in previous chapters, state convergence is a novel
scheme to control a teleoperation system in a bilateral mode. Starting from modeling an
n™ order teleoperation system on state space, the scheme offers a simple and elegant
procedure which requires 3n+1 design conditions to be solved in order to synchronize the
master and slave systems, and to achieve the desired dynamic behavior of the
teleoperation system. However, in its current form, the scheme cannot be applied in
situations where more than one master and/or slave systems are involved to perform a
certain task. To overcome this limitation, we first present an alpha-modified version of
the standard state convergence architecture for a single-master/single-slave teleoperation
system. This alpha-modified architecture is then used to develop extended state
convergence architecture for a multi-master/multi-slave teleoperation system. The
resulting extended state convergence architecture requires solving a set of n(k+/)+(n+1)kl
design equations to determine the control gains for synchronizing k-master and [-slave
systems in a desired dynamic way. MATLAB simulations considering a one-degree-of-
freedom (DoF) dual-master/tri-slave teleoperation system are presented to show the
efficacy of the proposed extended state convergence architecture for multilateral

teleoperation systems [151].

6.1. ALPHA MODIFIED STATE CONVERGENCE METHOD

State convergence is a novel scheme for the bilateral control of a teleoperation system. It
offers advantages including the modeling of an n™ order teleoperation system on state
space and the simplicity of the design procedure to determine the control gains based on a
solution of 3n+1 design equations which are formed considering the autonomous
behavior of the error system along with desired dynamic behavior of the closed loop
teleoperation system. The standard state convergence architecture is depicted in Fig. 6.1

which considers the following state space model for the master and slave systems:
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x:=Ax +Bu, 6.1)
vy, =C.x,

where, the subscript z can be either m or s representing either master or slave systems
respectively. The input and output matrices in (6.1) are different for different models of
the teleoperation system which further result in different design conditions for the
bilateral teleoperation and will be elaborated in the subsequent discussion. Various
parameters defining the architecture are as follows:

F,.: It is a known scalar parameter describing the force applied by the human operator
over the master manipulator.

G>: It is an unknown scalar parameter and models the influence of the force applied by
the human operator over the slave manipulator.

T: It is a known scalar parameter and describes the time delay in the communication
channel between the master and slave systems

R;: It is an unknown n-vector and helps in transferring the motion of the master
manipulator to the slave manipulator

R,.: It is a known n-vector which transfers the motion of the slave manipulator as it
interacts with the environment to the master manipulator. The entries of this n-vector are
dependent upon the modeling of the teleoperation system as well as the modeling of the

slave’s environment. As an example, for an environment modeled by a stiffness &, , it can
be computed as R, =k k,C where k,is the force feedback gain.

K,: It is an unknown n-vector and describes the stabilizing gain for the master
manipulator.

K,: It is an unknown n-vector and represents the stabilizing gain for the slave
manipulator. It also contains the model of the environment which makes the implemental
stabilizing gain to be K, =K +F,where K will now act as the parameter to be
determined while F,is the vector which contains the model of the environment.

Thus, amongst different parameters of the state convergence architecture, K,,, K;, R, and
G, form 3n+1 parameters which need to be determined for the bilateral control of a
teleoperation system. To find these unknown parameters, we need the same number of

design equations which can be obtained by using the method of state convergence.
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However, alpha-modification to the standard state convergence architecture results in
design conditions which are different from the existing ones. We, therefore, now present
these design conditions for the alpha-modified state convergence architecture considering
different models of the teleoperation system as was originally done by the authors of the

State convergence scheme.

6.1.1 TELEOPERATION SYSTEM MODEL WITHOUT ZEROS

Let us consider the teleoperation system where the master and slave manipulators can be

described by the following differential equation:

d"y._(t d"y (¢ dy. (t
d—ﬁ()+azn_lch—n;l()+...+azl#+azoyz (t)=b.qu. (1) (6.2)

By taking the position signal y_ (7)and its first n-1 derivatives as state variables, master

and slave manipulators in (6.2) can represented in state space form as given by (6.1) with

the following matrices:

[0 1 0o .. 0 | [0 ]
0 0 | 0 0
A = B, =| ... 63
0 0 0o .. 1 0 ©.3)
__az() _azl _a22 o _azn—l _bz() _
C.=[1 0 .. 0 0]
We can write the control laws for the master and slave systems using Fig. 6.1 as:
u (t)=Kx, (t1)+Rx, (1—T)+G,F, (t-T) (6.5)

The closed loop master and slave systems can be computed using (6.1), (6.4) and (6.5) as:

X (1)

x(1)=(A +BK,)x, (t)+B.Rx, (t—T)+B,G,F, (1-T) 6.7)

N sTm

(A,+B,K,)x,(t)+B,R x (t-T)+B,F, (1) (6.6)

m m--s

By assuming the time delay in the communication channel to be small, the time delayed

terms in (6.6) and (6.7) can be replaced with their first order Taylor expansion as:
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x (t=T)=x (1)-T x (¢)
xm(t—T)zxm(t)—T).cm(t) (6.8)
E,(t=T)=F,(t)-T Fu(t)

It is further assumed that operator applies a constant force onto the master system and

thus the time derivative of the applied force (6.8) vanishes. Under these assumptions, the

closed loop master and slave systems in (6.6)-(6.7) can be written as:

xn(t)=(A,+B,K,)x, (t)+B,R, x (1)~TB,R, x,(t)+B,F, (1) (6.9)

m- m""s

(4, +BK, )x, (t)+BRx, (t)~TBR, x. (t)+B,G,F, (1) (6.10)

sTsTTm

x (1)

By eliminating X (¢)from (5.9) and X (¢) from (6.10), we can write the resultant master

and slave systems in an augmented form as:

iy e B

where different entries in the closed loop augmented system of (6.11) are given as:

E
3

Figure 6.1 State convergence architecture for single-master/single-slave teleoperation system
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A,=M(A,+B,K,~TB,R BR,)

AIZ :M (BWLRWL _TBmRm (AS +BSK5))
A, =S(B,R,-TB,R (A,+B,K,)) (6.12)

A, =S(A +BK,~TBRB,R,)

N s m m

B,=M (B, -TB,R, B.G,)

B,=S(B,G,~-TB,RB,)

N S m

where the matrices M and § are given as:

M=(I-T?B,R,BR,)"

m m s s

(6.13)
S=(I-T"B,RB,R )

N s m-m

Different from the standard state convergence scheme, we introduce the following alpha-

based linear transformation:

x, ()] [ 1 0]x,()
{Xe(f)}:{—al 1}{)(&(;)} (6.14)

where x,is defined as the error between the master and slave states. This error will be
made to evolve as a stable autonomous system through the design procedure of the state
convergence scheme. Thus, master manipulator will only be able to alpha-influence the
slave manipulator as x, will approach ax, in steady state. In other words, alpha-scaled
master’s states will serve as a reference for the slave’s states. By taking the time-
derivative of (6.14) and using (6.11)-(6.14), we obtain the following transformed
augmented system:

x’"(t) _ ANM A~12 x, (1) él
. = L (I)}F |F, (1) (6.15)

xe (1) | [Ay Ay

where the entries forming the transformed augmented system of (6.15) are:
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A=A, +aA,

A, =4,

A~21 =(A21—6KA11)+6U(A22—6KA12) (6.16)
Ay, = Ay, —aA,

B =B,

B,=B,—aB,

The design guidelines of the state convergence scheme can now be employed to ensure
that the slave system follows the reference set by the master system and the desired
dynamic behavior of the teleoperation system is also achieved. To this end, the error

between the master and slave states is first made to evolve as an autonomous system by

zeroing the matrix entries éz and A;l in (6.15). This yields the following design

conditions:
B,—aB =0 (6.17)
(Azl_a’Au)"'a(Azz_aAlz):O (6.18)

The satisfaction of (6.17) yields a single design condition while n-number of design
conditions are obtained through (6.18). Now, if somehow a stable dynamics is assigned to
the error system, the motion of the slave manipulator will be synchronized with the
alpha-scaled motion of the master manipulator. Fortunately, after the conditions (6.17)
and (6.18) are satisfied, computing the characteristic equation of the transformed
augmented system (6.15) paves the way to achieve the objective of assigning stable
dynamics to the error system. This step also helps in imposing the desired dynamic
behavior to the master system and thus yields an additional 2n-number of design

conditions as:
|s1— (A, +aA,)|=|sI - P
‘SI_(Azz _aAIZ)‘ :|SI_Q|

where the matrices P and Q contain the desired dynamics for master and error systems

(6.19)

respectively:
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[0 0 0 | [0 0 0 |
0 0 0 0 0 0
P= 0= (6.20)
0 0 0 1 0 0 0 1
=P —P1 —Dy - D] 1= ~4 49 - —Y9,4]

The equations (6.17)-(6.19) can now be solved simultaneously to determine the control
gains (K, KS*, R,, G>) for the bilateral teleoperation.

Remark 6.1: Alpha-modified state convergence scheme is more general as compared to
its standard counterpart as slave system can be influenced to a desired degree by the
master system. This can be useful in applications where hand movements need to be
scaled down to perform a sensitive task e.g., minimally invasive surgical procedures.
Besides this, alpha-modified state convergence method provides the grounds for the
design of a state convergence based multi-master/multi-slave teleoperation system as
alpha-scaled master motions can be combined to affect the slaves’ motions.

Remark 6.2: In the alpha-modified state convergence method presented here, the desired
dynamic behavior is imposed on the master system in addition to the error system.
Equivalently, the desired dynamic behavior can also be assigned to the slave system
along with the error system for which the design procedure is given in Appendix ‘A’.
However, with regards to the multi-master/multi-slave teleoperation system, the latter
procedure can only be used when equal numbers of master and slave systems are
involved while the former procedure is always applicable irrespective of the number of
master and slave systems. As will be seen later in the manuscript, this is primarily due to
the imbalance between the number of unknown variables and the design conditions

resulting from the proposed extended state convergence architecture.

6.1.2 TELEOPERATION SYSTEM MODEL WITH ZEROS

Let us consider the class of linear teleoperation systems where master and slave systems

can be represented by the following differential equation:

'y (1), ~ d"y.(1) dy, (1) d""u,(1) du (1)
T Gam T Pty T ) (6)=b.,, T+"'+b“ 7+bzo“z (2)

(6.21)

Using the controller canonical approach, the teleoperation system of (6.21) can be
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converted into the state space format of (6.1) with the following matrices:

0 1 0 0
0 0 1 0
A = : ,B,
0 0 0 1 (6.22)
[Ty T4y T4y —ay, |
C. = [bz() b, b, bzn—l]

The control laws for the master and slave systems remain the same and thus the closed
loop augmented system of (6.11) holds. However, a different linear transformation is

introduced as:

x, (1) 1 0| x,(¢)
[xe (t)}:{—aEm E}{x (t)} (6.23)

where E, (z=m/s) is a diagonal matrix which contains the entries of the output matrix in

(6.22) as:

b, O 0
0 b, .. O

E. = : (6.24)
0 0 b, ,

The time derivative of (6.23) along with (6.11)-(6.13) yields a transformed system which

can be written in the form of (6.15) with the following matrix entries:

A~11 =A,+aA,E,;
A~12 = Ales_l

Ay = (ESAZI —aEmA“)+a(E5A22 _aEmAIZ)Ems

Ay, = (EsAzz -QE A, ) Ex_l

(6.25)

B, =B,
B,=EB,—-«E B,
where, the matrix E,, is computed as E, = E,'E, . The application of state convergence

procedure on (6.15), (6.25) yields the following design conditions:
EB,—aE B =0 (6.26)
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(ESAZI - aEmAll ) + a(EXAZZ - aEmAIZ ) E‘v_lEms = O (627)

|sI - (A, +QA,E,,)

ms

=|s1 - P|

(6.28)
|s1-g]

‘SI - (ESA22 - aEmAIZ ) E‘v_l

where, the matrices P and Q are given by (6.20). Please note that the equations (6.26)-
(6.28) form 3n+1 design conditions which can be solved to find the unknown parameters
of alpha-modified state convergence architecture. In addition to this, some extra
conditions also need to be satisfied which arise from (6.27) as:

b=y b —l;ﬂbm_l (6.29)

b s1oYsn—2 T
ml mn—1

The failure of satisfying (6.29) will lead to a constant error between the alpha-scaled

master and slave states.

6.1.3 SIMULATION RESULTS

To show the validity of alpha-modified state convergence scheme, simulations are carried
out in MATLAB/Simulink environment on a one DoF teleoperation system. The

following master and slave systems’ models have been adopted from [89]:

’.""(t):{g —7.11429}’”(”{0.2%56}”’"(t) (6.30)
v (1)=[1 0]x, (1)
%‘(I):B —61.25}(‘(t){o.z(;w}”‘(t) (6.31)

v (1) =1 0]x(7)

In addition, the following parameters are considered to determine the control gains:

® Model of the environment: k, =20Nm / rad

® Time delay in the communication channel: 7' =0.5s

* Force feedback gain: k, =0.1

e Desired dynamics for master and error systems: p(s)=g(s)=s>+10s+25

Since the selected master/slave system’s models do not contain zeros in their differential
equation representation, the design conditions in (6.17)-(6.19) will be used to determine

the control gains. By selecting the influencing-factor to be & =0.8 and solving the design
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conditions (6.17)-(6.19) using the MATLAB symbolic toolbox, we have found the
following control gains:

K, =[-95.7265 -9.9572]
K, =[-90.0514 -14.5199]
R =[-1.2458 0]

G, =0.7786

(6.32)

Simulations are now run under the control of system’s parameters while considering the
operator’s force to be 0.5N and the results are depicted in Fig. 6.2. It can be observed that
the slave system is able to follow the reference which in this case is the alpha-scaled
master system’s motion. It can also be seen that the master system is exhibiting the
desired dynamic response which was considered during the design phase. If the desired
dynamic response is to be imposed on the slave system, the design conditions in
Appendix ‘A’ can be used to determine the 3n+1 control gains. As an example,
considering the same system parameters with a scaling factor of a=0.5, the following
control gains are obtained through the solution of (A6)-(A8):
K, =[-95.1265 -10.2572]

K, =[-90.6354 —-14.2279]

R, =[-0.4866 O]

(6.33)

G, = 0.4866
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Figure 6.2 Alpha-modified state convergence with desired master and error dynamic behaviors (a) Master

and slaves’ states (b) Master and slaves’ control signals

The teleoperation system is now simulated under the control of new gains (6.33) and the
results are shown in Fig. 6.3. It can be observed that the slave system is able to
synchronize itself with the alpha-scaled master system’s motion while achieving the

desired dynamic response at the same time.
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Figure 6.3 Alpha-modified state convergence with desired slave and error dynamic behaviors (a) Master

and slaves’ states (b) Master and slaves’ control signals

6.2 EXTENDED STATE CONVERGENCE ARCHITECTURE

Consider a linear teleoperation system consisting of k-master and /-slave systems. It is
desired that the slave systems should follow the combined reference motion of the master
systems and the desired dynamic behavior of the teleoperation system should also be
achieved. To accomplish these tasks, we present extended state convergence architecture
in this section which borrows its functionality from the alpha-modified state convergence
method, i.e., it will allow that the slave systems can be influenced to a desired extent by
the master systems. The proposed extended state convergence architecture is shown in
Fig. 6.4. It can be observed that the extended architecture considers all the possible
interactions between the master and slave systems, i.e., force and motion signals from all
the master systems are transmitted over the communication channel to all the slave
systems and the feedback from all the slave systems are provided to all the master
systems. However, the master-master and slave-slave interactions are not considered in
the proposed architecture. The definition of the various parameters of the proposed

extended architecture is as follows:
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F,j: It represents the force exerted by the 7™ human operator onto the /™ master system.
Since k-master systems are involved, the number of such known scalar parameters will be
k.

Gj;: It models the influence of the force in the i"™ slave system which is being exerted by
the j™ human operator onto the ;™ master system. Since each slave system is being
influenced by every master system, the number of such unknown scalar parameters will
belxk.

Ry;j: It models the impact of motion signals of the 7™ master system in the i"™ slave system.
It is an unknown n-vector and due to the full coupling present between the master and
slave systems, the number of such unknown n-vectors will be /xk which give rise to a
total of nXxIxk scalar parameters.

R,y;j: 1t models the force feedback from the ™ slave system to the i"™ master system and is

given as: R

mij

=k 5 k,C,;where k, and k, are the corresponding force feedback gains and

Ty
environment stiffness respectively. It is a known n-vector and the total number of such
known vectors in a k-master//-slave teleoperation system will be k X1 .

K. It represents the stabilizing gain of the /™ master system and is an unknown n-vector.
Since we are considering k-master systems, the number of such unknown n-vectors will
be k and thus there will be a total of nXxk unknown scalar parameters contributed by the
master systems’ stabilizers.

K;: It represents the stabilizing gain of the j™ slave system and is an unknown n-vector.
Since there are /-numbers of slave systems involved, the number of unknown scalar
parameters will be nx[ as contributed by the slave systems’ stabilizers.

Thus, amongst different parameters of the proposed extended state convergence

architecture; G, , R

R, K, and K form nX(k+1)+(n+1)xkl unknown scalar parameters
which need to be determined in order to achieve the desired state convergence behavior
between the k-master and [/-slave systems. Indeed, the number of unknown parameters
reduces to 3n+l1when k=I[=1which is the case of single-master/single-slave
teleoperation system. Thus, the proposed extended state convergence architecture can be
considered as a more general form of the standard state convergence architecture for

SISO systems. We now present the method to compute the unknown parameters of the
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extended state convergence architecture for the two classes of linear teleoperation

systems following the lines of alpha-modified state convergence method.

6.2.1 TELEOPERATION SYSTEM MODEL WITHOUT ZEROS

Consider the family of master/slave systems where each member can be represented by
the differential equation of the form (6.2) with the corresponding state space
representation of the form (6.1). We will compactly represent such a family as:

X: = Ax,+Bu, (6.34)
Y. =Cx,

where, the subscript z either represents master (z=m) or slave (z=s) systems and various

matrix entries in (6.34) are given as:

X, :[leT )CZZT )CZZT}T
uzz[ule MZZT l/lth !
T
yz = I:yle yzZT yle:| (635)
A, =diag(A,,A,,....A,)
B, =diag(B.,B,,..... B,)

C, =diag(C,.C,,....C,)

z1?
Note that the subscript ¢ in (6.35) represents the total number of master (1=k) or slave (t=[)
systems. The control input for the i master device in a multilateral teleoperation system

can be written using Fig. 6.4 as:

[

(1) =K%, (£)+ D Rx, (t=T)+F,, (1) (6.36)

mi mi”"mi mi
J=1

The family of such k-master control laws can be compactly written as:
u, (1)=K,x, (1) +R,x,(1—T)+F, (¢) (6.37)

where the matrix entries in (6.37) are given as:
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I(m = dlag( ml? m2’ ’Knk)
R, R, .. R,
R . R,
R, - (6.38)
R . . R,

T

Fm:[leT F .. FnkT]T

We can now write the control input for the i"™ slave system using Fig. 6.4 as:

s ( ) Kst'xn ( ) Z sij m] t T + Z ij m/ (639)
j=1
The family of such /-slave control laws can be compactly given as:
u (1)=Kx,(1)+Rx, (t-T)+GF, (1-T) (6.40)
where the matrix entries in (6.40) are given as:

K, =diag(K,.K,,,....K,)

Rsll Rle Rslk
Rs — RSZ] RSZZ RSZk (6_41)
R RJZZ Rslk
G, G, .. G,
G: GZI G22 : G2k
G, G, .. G,

Note that the purpose of using the bold notations in the case of multi-master/multi-slave
teleoperation system is to differentiate it from the case of single-master/single-slave
teleoperation system. Further, the representation of multi-master/multi-slave
teleoperation system’s entries in compact form allows using the earlier gain-computing
framework provided by the state convergence methodology. We now compute the closed

loop master and slave systems using the knowledge of (6.34), (6.37) and (6.40) as:
xm(1)=(A, +B,K,)x, (1)+B,R,x, (1-T)+B_F, () (6.42)

m m°s

x:(1)=(A, +BK,)x, (1) +BRx, (t-T)+B.GF, (t-T) (6.43)
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Using the Taylor expansion with the assumption of small time delay and the constant

applied force (6.8), the closed loop systems in (6.42), (6.43) can be written as:

)%m(t) {Ammml{m B.R_ }{xm(z)}{ 0 —TBmRm} %m(t) J{Bm}F

(1) BR, A +BK_| x ()| |-TB,R 0 ()| BG

S S

(6.44)
The closed loop augmented system of (6.44) can be simplified in a form similar to (6.11)

as:

i R ISR X

Various matrix entries in (6.45) are given below:
A,=V,(A,+B K, )+V,BR,
A,=V,B.R +V,(A,+BK)

A, =V, (A, +BK,)+V,BR,
A,=V,B R +V,(A,+BK,)

B, =V, B, +V,BG

B,=V,B_+V,,BG

(6.46)

Here V, represents the matrix entry located at the i"™ row and /™ column of the block

matrix V :

V, = (I, -T’B,R,BR,)"

m m s S

S s m m

V,=-TB,R, (I,-7T’BR B R )
(6.47)
V, =-TBR, (I, -T’B,R,BR,)"

V22 = (Inl - TzBsRsBmRm )-

To guarantee that the /-slave systems can be alpha-influenced by the k-master systems,

we introduce the following linear transformation:

X, (1) L, 0, x,()
[Xe(t)}{—A Inlxs(t)} (6.48)

where the capital alpha (A) matrix contains /X k alpha factors and is given as:
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o0, o, .. ol

A= a211n azzln aZkIn (649)

ol, o, .. ol
Note that the linear transformation of (6.48) is inspired from the alpha-modified state
convergence method which guarantees that the slave system tracks the alpha-scaled states
of the master system. Here, a linear combination of the alpha-scaled k-master systems’
states will act as a reference for the /™ slave system. To ensure that the [-slave systems
track these references in a desired dynamic way, control gains will be determined
following the guidelines of alpha-modified state convergence method. By taking the time
derivative of (6.48) and using (6.45)-(6.49), we obtain a transformed augmented system
which can be written is a form similar to (6.15) as:
xn(f)| | An An {xm (t)}_ B

) x()]"| g,

_ F, (1) (6.50)

Xe (1) |An An
where the matrix entries in (6.50) are given as:
An=A, +A A
A=A,
Az =(A, -AA,)+(Ay,-AA,)A 651
Az =A, -AA,
B. =B,
B> =B,-AB,
The transformed system of (6.50) will now be used to obtain the design conditions for
multi-master/multi-slave teleoperation system through the application of state
convergence method. To this end, we first allow the error in (6.50) to evolve as an

autonomous system which results in the following conditions to be satisfied:

B,-AB, =0 (6.52)

(A21 'AA11)+(A22 'AAlz)A:0 (6.53)
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From (6.52), we obtain kxl[design conditions while matrix equation (6.53) yields
nxkxldesign conditions. After the behavior of error system is made autonomous,
characteristic equation of (6.50) is computed and is compared against the desired
dynamic behavior of master-error systems. This results in the following matrix equation
to be satisfied:

[sI- (A, +A,A)| =|sI-P|

(6.54)
\sI -(A,,- AAH)\ =|s1-Q|

where the desired dynamic behaviors of k-master and /-error systems in (6.54) are
computed as:
|sI-P|=|sI,— B|x...x|sI, - P,

(6.55)
sI-Q|=]sI, - Q|x..x|s], - Q|

where the matrices F,and Q;contain the desired dynamic behaviors for the i"™ master and

7™ error systems respectively and are given by (6.20). Note that the expansion of (6.54)

results in nx(k+1)design conditions. Thus, a total of nx(k+!)+(n+1)xkl design

conditions are obtained from the expressions (6.52)-(6.54) which match with the number
of unknown variables required to achieve the desired state convergence behavior in k-
master/[-slave teleoperation system.

Remark 6.3: Extended state convergence method for multi-master/multi-slave
teleoperation system considers assigning the desired dynamic behavior to the master and
error systems as opposed to the standard state convergence method for single-
master/single-slave teleoperation system which imposes the desired dynamic behavior to
the slave and error systems. This is done to overcome the mismatch between the number
of unknown variables resulting from the proposed extended state convergence
architecture and the number of design equations obtained through the standard state
convergence procedure. For instance, if the standard state convergence method is used

with the proposed k-master//-slave teleoperation system architecture, the number of

resulting design conditions becomes k/ + (I +2)xnl which are different from the number

of unknown variables in general. However, as a special case, if the number of master and

slave systems in a multilateral teleoperation system is equal, it is not difficult to show that
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the same numbers of design conditions are obtained by considering either the master-
error or slave-error augmented systems. In case when the number of master systems is
less than the slave systems, greater number of design conditions than desired are yielded
by the standard state convergence method while lesser than the desired design conditions
are obtained when numbers of master systems are greater than the slave systems. To
determine the solution in such cases, some parameters either need to be constrained or
chosen freely. In contrast, state convergence method considering the master-error
augmented system is equally valid irrespective of the number of master and slave
systems.

Remark 6.4: In the proposed alpha-modified and the extended state convergence
methods, alpha influencing factors cannot be changed during the operation of the
teleoperation system. The values to these parameters can only be assigned during the

design phase.

6.2.2 TELEOPERATION SYSTEM MODEL WITH ZEROS

We now consider the case of multi-master/multi-slave teleoperation system where each
member of the teleoperation system can be represented by the differential equation of the
form (6.21). Such a family of the master/slave systems can then be represented in state
space form of (6.34)-(6.35) with the corresponding matrix entries given by (6.22). The
control laws for the master and slave systems will remain the same as in (6.37) and (6.40)
respectively. Thus the closed loop system of (6.45) also holds. However, a different

linear transformation is introduced for such a class of teleoperation system as:

X, (t) I, 0, Il x,, (t)
Le(t)}:{—EmA E}{x (t)} (6.56)

where the matrix entries E, (z=m/s, t=k/[) in (6.56) are given as:

E, =diag(0,,0,,...0.)
®, =diag (b.y.b b, )

z1i> > P zn—li

(6.57)

By taking the time derivative of (6.56) and substituting the closed loop system of (6.45)
in the resulting dynamics, we obtain the transformed system of (6.50) with the following

matrix entries:

111



An=A,-ALE_A

A =A_E,

1%21 =(EA, -E AA,)+(EA,-E_AA,)E_A 658
A»=(EA,,-E_AA,)E,

Bi =B,

B =EB,-E_AB,

where E_,is given to beE_, =E'E_. The application of state convergence method to
(6.58) yields the following design conditions:

EB,-E_AB, =0 (6.59)
(EA,, -E_AA,,)+(EA,-E_AA,)E A=0 (6.60)
sI- (A, —A,E,A) =|sI-P|

6.61)
sI-(EA,,-E,AA,,)E,|=|sI-Q|

The right hand side of (6.61) is computed in the same way as (6.55). By expanding

(6.59)-(6.61), we obtain a total of nx(k+1)+(n+1)xkl design equations which can be

solved to determine the required control gains. In addition, the expansion of (6.60) yields
additional conditions (6.62) which should be satisfied for the elimination of steady state

error between slave and alpha-scaled master systems’ states.

b = me_i b b _ bmn—Zj b

s0i b sli2ee2Ysn-2i — sn—1i

NVi=1L2..,0,j=12,...,k (6.62)

mlj mn—1j

6.2.3 SIMULATION RESULTS

In order to validate the proposed extended state convergence method, we perform
simulations considering a dual-master/tri-slave teleoperation system where each member

is modeled by the following differential equation:

J,0,+b 0. +m gl sinf, =u, (6.63)

i Tzl zi i

wherem_,, 1

iz’

J,; =lm 1
3

zivzi

2and b, are the masses, lengths, inertias and viscous-friction’s
coefficients of the master/slave systems respectively. By considering the small angle
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approximation and selecting x_,=6_,x, =6.as the state variables, the master/slave

systems of (6.63) can be represented in state space form of (6.34) with the following

matrix entities:

0 1 0
A, =| mygl, b, |,B,=| 1
_‘]—zi _J_zi J_, (6.64)
C,=[1 0]

By using m,, =5kg, m,p=3kg, my=2kg, mgop=1kg, mga=4kg L, =1m, Lp=2m, [;=1m,
lp=0.5m, ls=1m, b, =2Nms/rad, b,,=1Nms/rad, b, =2Nms/rad, byp=1Nms/rad and

bgz=2Nms/rad in (6.64), the following master/slave systems are obtained:

0 1 0
Aml = ’Bml =
-29.430 -1.20 0.60

0 1 0
AmZ = ’BmZ =
-14.715 -0.25 0.25
0 1 0
A‘vl = ’Bxl = (665)
-29.430 -3.00 1.50

0 1 0
AYZ = ’B‘YZ =
-58.860 -12.0 12.0

0 1 0
Av3 = ’Bs3 =
-29.430 -1.50 0.75

The other parameters of the multilateral teleoperation system are selected as:

¢ Environmental model: k, =k, , =k,, =10Nm/ rad

® Time delay in the communication channel: 7' =0.5s

. . 2, =05,a,=03,a, =04,,, =0.3,
Alpha-influencing-factors:
o, =01a,=04

Force feedback gains: k, =0.01,Vi=1,2,j=1,2,3

p(s) = (s2 +12s+36)><

Desired dynamics for dual-master systems:
(s> +125+36)
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q(s)=(s"+125+36)x(s> +125+36)x
e Desired dynamics for tri-error systems:
(s*+125+36)

Note that the force feedback gains can also be selected to include the effect of alpha-
influencing factors. In this case, slave systems will reflect the alpha-scaled environmental
force to the master systems as these are being alpha-influenced by the master systems.
Now, since the master and slave systems (6.63) do not contain zeros in their differential
equation representation, we will determine the control gains through the application of
design conditions given in (6.52)-(6.54). Thus, by considering the aforementioned system
parameters and solving the 28 design equations (6.52)-(6.54) using the MATLAB®
symbolic toolbox, we obtain the control gains for the dual-master/tri-slave teleoperation

system as:

K, =[-16.882 -18.8774]

(6.66)
K,,=[-72.4834 —44.7241]

K, =[-4.6869 -6.0572]
K, =[22571 0.0601] (6.67)
K, =[-14.3325 -14.9022]

R, =[-0.2438 —0.0387]
R,,=[0.2064 0.0331]
R, =[-0.0596 —0.010]

R, =[-0.0054 —0.0011] (6.68)
R, =[0.0356 0.0036]

R, =[1.0552 0.1757]

G,, =0.1884

G,, =0.0541

G,, =0.0170 o
G,, =0.0061

G,, =0.0811

G, =0.1553

With the control gains in (6.66)-(6.69) and considering the operator’s forces to be

F, =1NandF,,=0.5N, the dual-master/tri-slave teleoperation system is simulated in
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MATLAB/Simulink environment and the results are shown in Fig. 6.5 and Fig. 6.6. Figure 6.5
presents the reference tracking results while Fig. 6.6 shows the control efforts for all the members
of the teleoperation system. It can be seen from Fig. 6.5 that the references set by the master
systems are being tracked by the slave systems and the desired dynamic response of the master
systems is also achieved. Note that the references for the slave systems in this case are:

Xt = 0 X, TQ)pX Xoor = Oy X, T 00X, 5 and X3 = O X,y T 03X, Since, in

m2?
some cases, it is difficult to distinguish the response of the slave systems from these
reference motions (position references are shown by dotted lines), the steady state values
of the desired motions are also plotted which will further help in establishing the fact that
the slave systems remain synchronized to the reference motions during the steady state.
The operation of dual-master/tri-slave teleoperation system is also evaluated under time
varying operator’s forces. The simulation results for this case are shown in Figs. 6.7 and

6.8. It can be seen that the slave systems are able to track the references set by the master

systems.
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Figure 6.5 Reference tracking by slave systems in a dual-master/tri-slave teleoperation system under

constant operator’s forces
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with constant operator’s forces
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Figure 6.8 Control inputs for the master and slave systems in dual-master/tri-slave teleoperation system

with time varying operator’s forces

Note that the afore-presented simulation results consider the desired dynamic behavior
for the master and error systems. If the desired response is to be assigned to the slave and
error systems, then the procedure in Appendix ‘B’ will yield 36 design conditions for the
dual-master/tri-slave teleoperation system which are greater than the number of unknown
variables. However, if a square teleoperation system is considered, then the said
procedure will generate the same number of design conditions as the unknown variables.
Therefore, we now consider a dual-master/dual-slave teleoperation system to show the
applicability of the procedure where the desired dynamic behavior is to be directly
assigned to the slave and error systems. The master and slave systems forming the dual-
master/dual-slave teleoperation system are assumed to be given by (5.30) and (5.31)
respectively. The other parameters of the teleoperation system are given as:

¢ Environmental model: k,, =k,, =5Nm/ rad

¢ Time delay in the communication channel: 7 =0.5s
¢ Alpha-influencing-factors: «,, =a,,=0.3,¢,, =, =0.7

¢ Force feedback gains: kﬁj =0.01,i=12,j=1,2
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® Desired dynamics for the slave and error systems:
p(s)=q(s)= (s2 +8s+16)><(s2 +8s+16)
Considering the above parameters, the design conditions in (B7)-(B9) are solved using
the MATLAB symbolic toolbox and the following control gains are obtained:
K, =[-64.6951 —4.2647]

(6.70)
K,, =[-56.1869 —2.1394]
K, =[-54.5861 -5.4016]
(6.71)
K, =[-62.8678 —7.4724]
R, =[-0.7694 —-0.1975]
R,, =[-0.0203 -0.0001]
(6.72)
R, =[-0.0186 0.0001]
R, =[0.8862 0.2170]
G, =0.2657
G,, =0.6813
(6.73)
G,, =0.6813
G,, =0.3208
0.02
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00 0.5 1 1.5 2 25 | mrmrms Ref Slave1 Steady State
Time(sec) Slavetl
Slave1 Desired
0.03 ‘ ‘
2 0.02 il
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2
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Figure 6.9 Reference tracking by slave systems in a dual-master/dual-slave teleoperation system under

constant operator’s forces

With the control gains in (6.70)-(6.73), the dual-master/dual-slave teleoperation system is

now simulated in MATLAB/Simulink environment under the control of constant operator

forces of F,,=1NandF,, =0.5N . The resulting master and slave systems’ states are

plotted in Fig. 6.9 and the corresponding control inputs are shown in Fig. 6.10. It can be
seen that the slave systems are following the reference trajectories

X = 00X, + X, andX, =) X, +,X,,, as set by the master systems while

exhibiting the desired dynamic response.
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Figure 6.10 Control inputs for the master and slave systems in dual-master/dual-slave teleoperation

system with constant operator’s forces
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6.3 STABILITY ANALYSIS

The stability of alpha-modified and extended state convergence controller is studied
through a frequency domain criterion proposed in [152] which has also been used in
earlier works on teleoperation systems [88], [153]. To apply this delay independent
criterion, we write the closed loop multi-master/multi-slave teleoperation system of

(6.42)-(6.43) without approximating the time delay as:

xm (1) {Am +B K, 0 me (r)} { 0 BmRmem (t—T)} [Bm}
) = + + F,(7)+
% (1) 0 A+BK || x(1)] [BR, 0 [[x(t-T)] [0 (6.74)
0
{BSG}F"‘ (t-T)
The closed loop teleoperation system of (6.74) can be represented in compact form as:
x(1)=Ax(1)+Ax(1=T)+Bou(t)+Bu(:-T) (6.75)

The delay independent criterion of [152] for analyzing the asymptotic stability of (6.75)

is now stated:
Lemma 1[152]: The asymptotic stability of (6.75) is achieved iff all of its solutions given
by the characteristic equation (6.76) lie in the open-left half of the complex plane.

sSI-A,—A,e™[=0 (6.76)
Theorem 1 [152]: Let A, ,=A,+A,/, A, =A -A,, A,=A+A’,

al

A,=A"-A and

b, = max 1, {A, +A,,cos0+ jA ,sin 6}

6elo, 22] 2 ™
ll =max {% lmax (Axl ) ’ bl}

b, = max 1, w{i(A, +A ,cos8)—A_,sin 6}

6elo, 2212 ™
lZ = max {% ﬂ’max (jAal ) ’bZ}

All unstable solutions of (6.76), if any, can be located in the region Q formed by

0<Re(s)<l,

Im ()| <1, (6.77)
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In order for the system (6.75) to maintain its asymptotic stability, it is sufficient to show

that the Eigen values of A, + A, e’ do not cross the imaginary axis for we [—lz,lz] . We

therefore compute the maximum of the real part of eigen values of A, + A, e’ over the

range e [—lz,lz]for both the alpha modified single-master/single-slave and dual-

master/tri-slave teleoperation systems. The force feedback gain and the time delay in both
cases are set as 0.1N and 0.5s, respectively, while the environmental stiffness is varied.
The result of this analysis is shown in Fig. 6.11. It can be seen that the single-
master/single-master teleoperation system is stable for higher values of the stiffness
parameter as compared to dual-master/tri-slave teleoperation system. However, the
stability of teleoperation system is improved when the time delay is reduced, as shown in

Fig. 6.12.

Max of Real Part of Eigen Value

T T T T T
—@ 1M1S Teleoperation System
Q® —@ 2M3S Teleoperation System

(L]

_3 1 1 1 1 | | | 1 1 1
100 200 300 400 500 600 700 800 900 1000

Environment Stifness

Figure 6.11 Stability analysis of teleoperation system in varying environment (T=0.5s)
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Max of Real Part of Eigen Value
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Figure 6.12 Stability analysis of teleoperation system in varying environment (T=0.1s)

6.4 CONCLUSIONS

This chapter has presented an extension of the state convergence scheme for multilateral
teleoperation systems. This is achieved by first proposing an alpha-modified form of the
state convergence based bilateral controller which is then extended to design the
multilateral controller. The proposed multilateral controller can be applied to any k-
master/[-slave n™ order teleoperation system and requires the solution of n(k+I)+(n+1)kl
design equations. The obtained control gains ensure that the /-slave systems follow the
references set by the k-master systems and the desired dynamic behavior of the
teleoperation system is also achieved. The proposed scheme has been validated through
simulations in MATLAB/Simulink environment by considering a one DoF dual-
master/tri-slave teleoperation system. Future work involves the real time implementation

of the proposed state convergence based multilateral controller.
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CHAPTER 7: EXTENDED STATE CONVERGENC METHOD
CONSIDERING NON-LINEAR DYNAMICS

This chapter presents the design of a time-delayed multi-master-single-slave nonlinear
teleoperation system based on the method of state convergence. In previous chapter, we
have presented an extended state convergence control architecture where k-master
systems can cooperatively control [-slave systems. However, this extended state
convergence method is only applicable to linear teleoperation systems when the
communication channel offers no time delays. These two limitations have been addressed
in this chapter by considering the nonlinear dynamics of master/slave systems and
asymmetric communication time delays. A Lyapunov based stability analysis is presented
and control gains of the extended state convergence method are selected to ensure the
stability of the multilateral system against the communication time delays and to achieve
the zero tracking error of the slave system. In order to validate the proposed scheme,
MATLAB simulations are performed on a tri-master-single-slave nonlinear teleoperation

system.

7.1. MODELING OF NONLINEAR TELEOPERATION SYSTEM

We consider an n degrees-of-freedom teleoperation system which is comprised of k-local

(master) and 1-remote (slave) manipulators and posses the following nonlinear dynamics:

sz (%j)%j""czj [%j’%jj%j'i'gzj (%j) :sz +sz’vj =12,...k (7.1
M,(q,)q,+C, (qr,q,-jw g.(q,)=1,-F (7.2)

where the subscript [ stands for the local while subscript r stands for the remote systems.

The teleoperation system parameters are: (M / ,Mr)e R”X",(le ,Cr)e R™ and

(glj , gr)e R™ which denotes the inertia, coriolis/centrifugal and gravity matrices of local

and remote manipulators respectively. The other quantities in (7.1) and (7.2)
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are(qu,qr)e R"Xl,[q./,q.rje R"Xl,[c};j,c}:je R"Xl,(z’/,fr)e R”Xl,(Ej,Fr)e R™,  which

denotes the position, velocity, acceleration, torque and external force signals in local and
remote manipulators respectively. The dynamic representation of the teleoperation
system given by (7.1) and (7.2) posses following properties which will be utilized in
Section 7.3 to prove the system’s stability [93],[94]:

P1: The inertia matrices are positive definite, symmetric and bounded i.e. under the

existence of two positive constants £andg,, the inequality
0< gl <M (q)< & <ooholds.

P2: The inertia and coriolis/centrifugal matrices have a skew-symmetric relation which
exists in the forma’ (M (q)- ZC(q,qDa =0,Vae R".
P3: The coriolis/centrifugal vectors are bounded i.e. under the existence of a positive

(0

P4: If the velocity and acceleration signals are bounded, then the time derivative of

< &g holds.

constant &;, the inequality

coriolis/centrifugal matrices is also bounded.

Along with the above properties P1-P4, the following assumptions A1-A2 and lemmas
L1-L2 will be used in the paper [93],[94]:

Al: The human operators and remote environment are passive i.e. there exists positive

Iy . ty

constants v/ and v, such that the inequalities —v/ < J-—F,-" gl dt& —v. < J-—Fr-" q; dt hold.
0 0

Also, the environment is modeled by a spring-damper system i.e. F, =K g +B,, g, with

K, € R™and B, e R™" being positive definite diagonal matrices.
A2: The gravity loading vectors of local and remote manipulators are known.
L1: Let a,be R"be any vector signals, K€ R""be a positive definite diagonal matrix

and ybe a positive constant. Then for any time varying continuously differentiable
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function 7,(r) with a known upper bound 7;, the following inequality holds:

If o 7}([). If o 210

T
—2(d" b(t—oc)dodt < y|a" Kadt+=— [ b" Kbd
!al{{ (t a)at<7£aKat+7£ Kbdt

L2: Let ae R"be any vector signal and 7, (7)be a time varying function with a known

upper bound7;", then the following inequality holds:

7.2. MODIFIED EXTENDED STATE CONVERGENCE SCHEME

We have proposed an extended state convergence scheme in [151] for delay-free linear
multilateral teleoperation system where cooperative control of /-remote robotic systems
by k-local robotic systems is established. In this chapter, we will show that the said
scheme can indeed be applied to control nonlinear multilateral teleoperation system when
asymmetric time varying delays exist in the communication links. To achieve this, a
simplified version of the extended state convergence architecture is proposed with a view
of controlling a multi-master-single-slave nonlinear teleoperation system. The proposed
architecture differs slightly from its standard counterpart [151] in that the control gains
associated with the direct transmission of operators’ forces to slave robotic system are
eliminated. The modified architecture is shown in Fig.7.1 and is comprised of the

following parameters:

F’: This scalar parameter denotes the force applied by the it operator onto the 7™ local
manipulator.

@, This scalar parameter denotes the authority level of the i operator in the desired

remote tracking task and all such authority factors are aggregated to be unity i.e.
ZOJ_]. =1
j

1,

i (¢): This scalar parameter denotes the time varying delay faced by the motion signals

as transmitted by the j™ local system across the communication channel towards the

remote system.
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Figure 7.1 Modified extended state convergence architecture for multi-master-single-slave tele-robotic
system

T

j

(¢): This scalar parameter denotes the time varying delay faced by the motion signals

as transmitted by the remote system across the communication channel towards the j™

local system.

K/ :[Kl{ K/é]: This nx2nmatrix parameter defines the position (K} € R"™") and
velocity (Kl-f2 € ]R”X”)feedback gains for the /" local manipulator. Both the constituent

parameters will be found as a part of the design procedure.
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K, :[Kr1 Kr2]: This nXx2n matrix parameter defines the position (Kr1 € R"X") and
velocity (Kr2 € ]R"X”)feedback gains for the remote manipulator. Similar to K/, both the
constituent parameters of K, will be found as a part of the design procedure.

R’ =[R,‘.il R,;"Jz This nx2nmatrix parameter models the effect of ;" local

manipulator’s motion onto the remote manipulator where both the constituent parameters

R’ € R™ and R/, e R™" will be determined as a part of the design procedure.

R/ :[Rii sz2]: This nXx2nmatrix parameter models the effect of the remote

manipulator’s motion onto 7™ local manipulator where both the constituent parameters

R/ e R™ and R/, € R™ will be determined as a part of the design procedure.

7.3. STABILITY ANALYSIS AND CONTROL DESIGN

The goal of this section is to establish that the proposed multilateral teleoperation system,
as depicted in Fig. 7.1, can maintain stability in the presence of time varying delays and
under an appropriate selection of the control gains, the remote manipulator can follow the

reference set by the local manipulators according to their authority levels i.e.

t—o0

k
lim(qr ()= a4 (I)J =0. To achieve these goals, we proceed as follows:
=

Theorem 17.1: Let y,,7,be positive scalar constants, K& R™ K, € R™be positive

definite diagonal matrices and 7}/, T, be the bounds on time varying delays. Now, if the

control gains of the multilateral teleoperation system (7.1)-(7.2) are selected as in (7.3)-
(7.4) and k+1inequalities in (7.5) are also satisfied, then the proposed multilateral

teleoperation system remains stable in the presence of time varying delays i.e.

lim=g/ =lim=g, =lim=¢/ =lim=¢, =0,Vj=1,2,...k.
—>o0 —>o0

K} =-K.K},=-2K, -a,K}.R} =a,K,R}, =2a,K}/,.Vj=12,...k
i o . . (7.3)
K, =-K,K,=-2K -Y oK, R, =a,K R, =20,K},,Vj=12,...k

J=1
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K} = (1—7’0. (t)jKl,K;;, = (1—T,j(z)j K,Vj=12,..k (7.4)

42

ay. o T,
(2-a,) K, - -’2}/’-’1(— -2”-’ K>0,Yj=12,..k
o (7.5)
k k a/T*'
K, - —~Y21-K>0

Proof: Consider the multilateral teleoperation system given by (7.1)-(7.2). The control
inputs 7/, 7, for this teleoperation system can be written by observing the extended state

convergence architecture of Fig. 7.1 as:

le = glj (ql ) Kn% +K12 % +Rllqr (t_’Trj (t))+R12 q, (t_Trj (l)),Vj:I,Z,...,k (7.6)

k
—g.(q,)+ K, + K, g+ ZR,I% (=7, (1)) + 2 R}, ¢/ (¢ -1, (1)) (1.7)

Jj=1 j=1
By substituting the control law (7.6) in (7.1) and (7.7) in (7.2) and by considering the
model of the remote environment, the closed loop multilateral teleoperation system is

obtained as:

Mlj CI1+CJ % KIICII +K12%+R11‘1r (I_Trj(t))—i_Rqu (I_Y;j(t))—"Flj’vj:sz-,k

(7.8)

Mr qr+cr qr :Krlqr +Kr2 qr+erlql ( ) erZ ql ( ))_Kreqr _Bre qr
Jj=1
(7.9)
Now, we define the following Lyapunov-Krasovskii function to analyze the stability of

the closed loop tele-robotic system (7.8)-(7.9) with the control gains given in (7.3)-(7.4):

o' ° ) ) 1 k o. ) o. 1 ° ° 1 k ) ) 1
V(q/,q,,q/ —q,.,q,.,q/j ==Y q/"M/ g} +5qu M, q,+52(1—04,-)qz”1<61/ +§q,TK,.eq,.

293 =

[ (@) df+2“’+ Z“(% 2) K(g/~a.)

=l o

4" (E)K g ( d§+za [ 47 (&)K,q, (£)ae
-1, (1)

(7.10)
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By taking the time derivative of (7.10) and using the closed loop teleoperation system

(7.8)-(7.9) along with the property P2 and assumption A1, we have:

V Z‘] [ nal + ZZqZ+Rllq (t_Trj(t))-i_RZq (t_Trj(t))j"'
Q: (an +Kr2q +2erql( ) Zerqz( ) K.q, -8B, LIJ

j=1

k
+Z(1 q; )%]T Kq/ +q, K.q, +Za %]T K(sz _qs)+
j=

=
ZI“,- quK(q,—ql")inl% 4/ K, Qi’—zlaj g (i1, (f))(l—T.u (f)jKl%} (1=1;(1))
J= j= J=
+ia, . K, —20@- ¢ (-1, (t))(l—T.rj(f)jKl 0, (1-1, (1)
= =
(7.11)
By defining K/, = (1—T:j (t)jKl,K,{i = (I—T.,j (t)jK1 and grouping the terms in (7.11) and

simplifying further, we obtain:

. k L k ] .
=3l (s K)o+ Sl (Rl -7, (0) -, ()7 .,

Jj=1

k
2.4
o . k o
‘Z/T (Kljz +ajK1)%j +quT (Krz +ZajKqur -
=

Jj=1

.Mw &'M”

iQ: (Ruqz ( ( ))_a.qulj)—'_

J=1 J

q, B}e q, +ZQ11T Rzz Q; (I_T;;j (t))—"

J=1 J

S a" (=T,(0)Kial (=1, ()=S0 (=T, (0) KL 0, 1T, (1)

j=1

qu er % (t_le (t))_

1

(7.12)
By plugging the control gains (7.3) in (7.12) and on simplifying, we have:

. k . k . .
V=Y aq" K(q(-T,(1)-q)+ Za 0 K(q) (i~ (f))—ql"')—Z%’T(2—%)K1 a/ =
Jj=1 j=1
. . k .
qu K, qr_zaj (%ﬂ Klil %j"'qu (t_Trj (t))Kld qr (t_Trj (t)) 2QIJT Kld qr (t_Trj (t))j_
=]
. . k . . .
qu Bre qr_zaj (qu Krjd Qr+quT (t_T;j (t))Krd ql (t_j—;j (t)) 2qr Krd ql (t_j—;j (t))j
=]

(7.13)
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Let us now define the error signals relevant to the proposed multilateral teleoperation

system as:
le :qr_%j (t_le (t)),Vj=1,2,,,,,k (7 14)
e, =4/ =q,(1=T,(1)). Y =12....k
We can write (7.13) in terms of the integral equality
(1) |
q(t—Ti I (t—o0)do and error signals (7.14) as:
0

k T'(t) . T}j(t)

{/:_Zajq qu, (t-o)do— Zaq, [ 4/ (t-c)do- Zq (2-a,)k o
j=1 j=1 0

-4, KlQr q, Breqr Za e TKJ _zajeqlfT Klll eqz
=1

(7.15)
By integrating (7.15) over the time interval [O, 1 } and using lemma L1, we have:
Iy k Ir o T £, Kk lroe
R o PR AT S T
0 Jj=1 0 7rj 0 =lo
k . Tt e Tt e
7 T JjT J
+,Z_:' [7j 27, 1 quds —Iq Kq ds— !q Bqu— (7.16)
k Iy I o e
Zaj.[ o Kr’de ds— ZO{J- TK,fiqu,ds
Jj=1 0 Jj=1 0
The inequality (7.16) can be further reduced as:
& 7, al,” P& . |P
V(t,)-v(0)<s=> u| (2-a,) K, ——LLKk——LK |lg/| = p(e K} )|e el -
j=1 2y, S "2
k o |12 k a7/ a r‘*’ o |2 o |I?
_Zlu(ajKlfi) eqf _Iu Kl_z L K — K ‘qs _lu(Be) qr
j=1 ! 2 j=1 2 2}/;7 2 2
(7.17)

where (X ) specifies the minimum eigen value of X . Taking the limit as ¢ ; —e0in

(7.17) and on the satisfaction of the inequalities in (7.5), it can be concluded that the
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signals {%j’qr’%j _qr’qr’qu}e Lmand{q/,qr,eqj,eqj}e L,. Now, it is left to show the

zero convergence of velocity and acceleration signals for proving the system’s stability.
The zero convergence of velocity signals is achieved if the acceleration signals remain

bounded. Thus, we first analyze the acceleration signals of (7.8) and (7.9) by disregarding

the external forces and rewriting them as:

qu :(Mlj)_ { CIC]] +KIICII +K12 qm+Rllqr (I_Trj(t))—i_RIZ q: (I_Trj(t))} (7.18)

g, =M, { -C, q,+K,1q,+K,2q,+ZR,1ql( (1)) + ZR,qu( ))} (7.19)

Jj=1
If we analyze (7.18) and (7.19) along with the control gains (7.3) of the teleoperation

system, we are left to show that the signals

{ g —aq, (=T, (1)).q, ia ql (t-T, )}e L., since it has already been shown that

{qu,qr}e Lzand{q/,qr,q/—qr,qr,q/}e L_by virtue of IVdsSO. We can write the
0

left-over signals as:

1 2
f_/%

o/ ~aq, (1-T,(1))=(a/ ~2q,)+a, (4, 4, (1-T, (1)) (7.20)
Za% (1=, (1)) = (‘1 Zaqz ]+Za (4/ -~/ (1-1, (1)) (7.21)

The first part of the signals in (7.20)-(7.21) are bounded since {qu,q,,q,j —q,}e L.

while the second part of the signals are bounded by virtue of lemma L2 and{qu .q, } eL,.

This implies that the left hand sides of (7.20)-(7.21) are also bounded. By using the
properties P1 and P3 of the robot dynamics and the

result{q./,q.,,qu ~q,.9,.49/.q) —a,q, (t-T,(1)).q, ZO{ ql (t-T, )}e L., it can be
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concluded that the signals {qu ,qr} are bounded. Since the signals {qu ,qr} also belong

to L,, then by Barbalat’s lemma, we have: hm ‘Iz —hmq =lime , —11me =0. To show

oo 4 t—o0

the convergence of acceleration signals, we consider the time-derivative of (7.18)-(7.19):

da) N
%:i(Mlj) { Cj ‘II +K11‘]m +K12 ‘II +Rllqr (t_Trj (t))+R12 qr (t_Trj (t))}

t dt

(7.22)
i d .
+(Mlj) IE[_CIJ qz Kllql +K12 qz +R11q (t_Trj/' (t))+R12q (t_Trj (t))

%:i(Mr )|: C qr+Krlqr+Kr2 qr+erlql ( ) erZ ql ( )):|

t dt Jj=1

d . ° k . . o
+Mx_l E|:_Cr qr+ Krlqr + Kr2 qr + erjlql] (t _T;j (t)) + ZR;]Z qll (t_T;j (t)):|
j=

(7.23)

By using the properties P3 and P4 of the robot dynamics and using the earlier result:

< . o k A .
{q/,q,,q/—q,,q,,ql’,qf—06,-61,(t—T,,-(t)),q,—Z;,ajq/(t—Tl,-(t))}eLw, it can be
J=

concluded that the second derivative terms in (7.22) and (7.23) are bounded. The first

derivative terms in (7.22) and (7.23) are also bounded owing to the boundedness of the

signals {qu .q] ,qr’%}, properties P1 and P2 of the robot dynamics, and

consideringM "' =-M " MM =—M" (C +C’ )M"1 . Thus the right hand sides of (7.22)

and (7.23) remain bounded implying that the signals {qu ,qr}e L_are uniformly

continuous. Signal continuity further implies that the integral exists and is bounded.

Thus, based on the previous result: limg/ =limg, =0, we have
—oo [—oo

136



t ee 1 oo

}i_{gj%j dt =—gq] (0),}1_{{'}]‘(1, dr=-g,(0) and by Barbalat’s lemma, it can be concluded
0 0

that: limg/ =limg, =0. The proof is now completed m
t—o0 t—o0

Theorem 7.2: In the absence of environmental force, the remote manipulator achieves the
k .
desired position in equilibrium state i.e. lim| ¢, (#)— > @,q/ () |=0when the control
1—00 ’
j=1

gains of the teleoperation system are set according to (7.3).
Proof: 1t has been shown in theorem 7.1 that the closed loop multilateral tele-robotic

system (7.8)-(7.9) remains stable under the control gains of (7.3). Then, by plugging (7.3)

in (7.9) and using the result from theorem 7.1 limg, =limg, =0, we have:
—oo [—oo

lim

t—o0

-0 (7.24)

k .
q, _zaquj (t_le (t))
Jj=1

t .

Through the use of integral equality g/ (t—le (t))qu-’ — J- g/ (£)d&, and the earlier

1=T;(1)

result on velocity convergence lim ql-j =0, we can write (7.24) aslim =0.
[—o0 [—>o0

k
q,— Z a.iqu

Jj=1

Thus, the remote manipulator achieves the desired position in free motion when the
equilibrium state of the tele-robotic system is reached. This completes the proof m

Remark 7.1: The velocity control gains of the proposed multilateral tele-robotic system
depend on the derivative of the time varying delays as can be seen from (7.3). These

gains, therefore, are unrealizable since only the upper bounds on the communication

delays are known. As a remedy, extra ramp signals r(t—T,(¢)),r(t-T,(r)) are

transmitted across the communication channel and their time-derivatives are used to

implement the velocity control gains as:
K} = r(t -T, (t)j K,.K! = r(t —T,j(z)j K,Vj=12,..k (7.25)

Remark 7.2: 1t is usual to have force feedback in tele-robotic system which is believed to

improve the task performance. The proposed multilateral tele-robotic system also
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provides force feedback to the operators when the remote manipulator comes in contact
with the environment. It is not difficult to show that in the proposed multilateral tele-
robotic system, static environmental force is related to the operators’ forces

k
as11=2aj1«;f—(1—

k
J=1 i

2
aijq,.

j=1

7.4. SIMULATION RESULTS

In order to validate the proposed multilateral tele-robotic system, simulations are
performed in MATLAB/Simulink environment where three local manipulators are
driving a single remote manipulator each of which has two degrees-of-freedom. The
dynamical system representation of these manipulators is given by (7.1)-(7.2) with the
following description of inertia matrices, coriolis/centrifugal matrices and gravity

vectors:

M(q)= {Z“ Z”},C(q,éj = K“ Z”},g (q)= El} (7.30)

my, =m,l* +(m +m,) > +2m,l* cos(q,)
my, =my, =myl*> +m,l* cos(q,) (7.31)
my, =m,l’

¢, =—q,ml’ sin(q,).c, = —(qﬁ qumzlz sin(q;)
(7.32)

Cy = q.l m,l*sin(q,),c,, =0

g =a,mlsin(q, +q,)+a, (m +m,)lsin(q,), g, =a,mlsin(q, +q,) (7.33)
where m,,m,are the masses of links 1 and 2 respectively; [, =1, =/ are the lengths of
links and a, is the acceleration due to gravity. The numerical values of these parameters

are assumed to be the same for all the local manipulators: m,, =m, =1lkg, [ =1m.

However, remote manipulator has more inertia than the local manipulators:

m,, =m, =5kg, [, =2m. These manipulators communicate over a communication

channel which offers time varying delays as shown in Fig. 7.2. The only information

which is known to the designer about these delays is their upper bounds:
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T, =T,=04,T,=T,=038, T, =T, =0.2. By assigning the authority factors to the
operators asa, =0.5,a, =0.3,, =0.2and solving the inequalities in (7.5) and using

(7.3), we obtain the following control gains for the tele-robotic system:

250 0 3125 0
K= K, = (7.34)
0 150 0 1875

o (1250 e (750 o . (500 235)
A S B 0 75 s T Yy T 0 4.5 [y B 0 3.0 .

Under the control gains of (7.34)-(7.35), we first simulate the behavior of the tele-robotic
system in free motion when operators apply constant forces. These force profiles are
shown in Fig. 7.3 while the resultant position trajectories of the local and remote
manipulators are shown in Fig. 7.4. It can be observed that the proposed tele-robotic
system remains stable in the presence of time varying delays and the remote manipulator
displays the desired response. The corresponding control inputs of the manipulators are
also shown in Fig. 7.5. We have also investigated the operation of tele-robotic system
when the remote manipulator comes in contact with the environment. For this purpose,

the parameters of the remote environment are assumed as:

Communication Time Delays (s)

TNV ENN N s

Tm3 = Ts3
0.6 i

—

0.5F B

0.4+ \
0.3 U
0.2f

0.1

0 1 1
0 5 10 15 20 25 30 35 40

Time(sec)

Figure 7.2  Time varying delays of the communication channel
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100.0 0 100 0
K, = B, = (7.36)
0 1000 0 100

The interaction of the remote manipulator with the environment exists for 100sec in
simulations starting at ¢ =150s as can be seen in Fig. 7.6. It can be observed that during
the interaction period, tele-robotic system is able to maintain its stability as the position
signals do not diverge. However, remote manipulator fails to follow the desired position
references. In fact, the analysis of (7.9) in steady state reveals that the position error is
inevitable during the contact motion. In addition, the local manipulators do receive the
force feedback from the remote environment as their position signals show a decrease
when the remote manipulator hits the environment.

The response of the time-delayed tele-robotic system is also observed under the
application of more realistic operators’ forces which are shown in Fig. 7.7. The results for
this simulation are shown in Fig. 7.8 which clearly demonstrates that the tele-robotic
system remains stable and the remote manipulator successfully tracks the desired position

references.

Operator Forces (N)

6 T T T T
Master 1
5 Master 2 ||
Master 3
4 . -
3 L -
2 -
1 -
0 L
Bl ,
_2 | | | | | | |
0 50 100 150 200 250 300 350 400

Time(sec)

Figure 7.3  Profile of operators’ forces
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Joint 1 Position Signals of Manipulators(rad)
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Figure 7.4  Position signals of the manipulators (a) Joint 1 trajectories (b) Joint 2 trajectories
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Joint 1 Control Inputs of Manipulators(N)
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Figure 7.5 Torque inputs of the manipulators (a) Joint 1 control inputs (b) Joint 2 control inputs



Joint 1 Position Signals of Manipulators(rad)
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Figure 7.6  Position signals of the manipulators during free (t<100) and contact (100<t<200) motion (a)
Joint 1 position trajectories (b) Joint 2 position trajectories
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Figure 7.7 Time varying operators’ forces
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Joint 2 Position Signals of Manipulators (rad)
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Figure 7.8 Position trajectories of the manipulators under time varying applied forces (a) Joint 1 position
signals (b) Joint 2 position signals

7.5. CONCLUSIONS

The design of a state convergence based multilateral tele-robotic system is presented
where remote manipulator can track the combined reference position of the local
manipulators in the presence of time varying delays. Using a simplified form of the
extended state convergence architecture and Lyapunov-Krasovskii theory, a set of design
inequalities are obtained which along with the known information on the bounds of time
varying delays and authority factors are solved to get control gains of the tele-robotic
system. MATLAB simulations are finally carried out on a two degrees-of-freedom tri-
master-single-slave nonlinear tele-robotic system and the results have shown the validity
of the proposed multilateral control scheme. Future work involves improving the
operators’ perception of the remote environment and extending the proposed scheme to
cover any number of remote manipulators. Experimental results are also planned as a part

of future study.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

This chapter highlights the contributions of the thesis and the possible future research

directions are also presented.

8.1 CONTRIBUTIONS

This thesis has discussed the control design of teleoperation systems using the method of
state convergence. State convergence has been used to control the linear and nonlinear
teleoperation systems. However, state convergence based control design for an important
class of nonlinear systems known as TS fuzzy systems was not discussed in the literature.
Thus first contribution of this thesis forms the control design of nonlinear teleoperation
system represented by TS fuzzy models in the framework offered by SC methodology.
To this end, a suitable fuzzy control law is introduced and the design conditions to
impose the desired dynamic behavior of teleoperation system are derived for different
teleoperation models in the absence and presence of communication delay using the
method of SC. Further, the existing linear bilateral controller based on SC is found to be
the special case of the proposed SC based fuzzy bilateral controller. The effectiveness of
the proposed scheme in controlling the nonlinear teleoperation system is proven through
MATLAB simulations where it is also compared with the existing linear scheme.
Contrary to other complex teleoperation control schemes based on TS fuzzy systems, the
presented method is simple to apply with guaranteed dynamic behavior of teleoperation
system and no Lyapunov function is required to prove the stability of the system. The
same fuzzy SC controller is also shown to work with other variants of the SC scheme.
Thus fuzzy SC methodology with transparency condition and fuzzy SC methodology for
unknown environments are proposed which are also validated through MATLAB
simulations.

Second contribution of the thesis lies in the extension of state convergence architecture to
cover the case of multi-master-multi-slave teleoperation systems. In its original form, the
method of state convergence cannot be applied to multi-systems. Thus a more general
alpha-modified form of the state convergence scheme is first proposed for the bilateral

teleoperation systems. This modified SC form provides the grounds to design the
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multilateral controller. The proposed multilateral controller can be applied to any k-
master/l-slave n'™ order teleoperation system and requires the solution of n(k+I)+(n+1)kl
design equations. The obtained control gains ensure that the /-slave systems follow the
references set by the k-master systems and the desired dynamic behavior of the
teleoperation system is also achieved. The proposed scheme has been validated through
simulations in MATLAB/Simulink environment by considering a one DoF dual-
master/tri-slave teleoperation system.

Third contribution of the thesis is to show the applicability of the proposed extended state
convergence architecture to control a multi DoF nonlinear teleoperation system. Through
the use of Lyapunov-Krasovskii control theory, sufficient conditions are obtained to
guarantee the stability of the multilateral nonlinear teleoperation system based on state
convergence while the tracking task is also achieved. The proposed scheme is validated
through simulations in MATLAB/Simulink environment on a two DoF tri-master-single-
slave nonlinear teleoperation system in the presence of time varying delays.

Several contributions other than the state convergence theory are also made by the author
during his PhD studies. These include the design of neo-fuzzy integrated brain emotional
learning networks for time series prediction and classification problems; the design of
fuzzy model based and model free controllers for a variety of electromechanical plants
such as mobile robots, single link manipulator, rotary inverted pendulum, DC series

motor, automotive suspension system, aero pendulum and magnetic levitation system.

8.2 FUTURE WORK DIRECTIONS

With regards to the development of TS fuzzy state convergence controller, the proposed
approach can only be applied to nonlinear teleoperation systems which can be
approximated by a class of SISO TS fuzzy models with common input and output
matrices. A possible future direction can be the extension of the proposed scheme to
more general classes of SISO and MIMO TS fuzzy models.

With regards to the development of state convergence based multilateral controller, it is
assumed that the slave devices do not interact with each other and so do the master
devices. A possible future direction can therefore be the consideration of these

interactions while designing the tele-controller.
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In addition, the proposed bilateral and multilateral teleoperation schemes have only been
validated in simulations. The real time implementation is highly desirable which can be

carried as a part of future work.
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APPENDIX A

By exchanging the position of master and slave systems in (6.11), we have the following

augmented system:

A P B RS

Where the matrix entries are given as:

A,=S(A +BK,~TB.RB,R,)
A,=S(B,R -TB,R (A,+B,K,))
A,=M(B,R, -TB,R, (A +BK,))
A,=M(A,+B,K,~TB,R BR,)
B, =S(B,G,-TB.RB,)

B,=M (B, -TB,R,B.G,)

m m s

(A2)

Where, M and S are given by (6.13). The slave-master augmented system in (A1) will
now be transformed to yield slave-error augmented system. Since the slave system is to
be alpha-influenced by the master system, the following linear transformation is

introduced:

x, (&) [1 0 ] x(2)
[xe (t)} B L —al}{xm (z)} (A3)

The time derivative of A3 along with (A1)-(A3) yields the following transformed slave-

error augmented system:

fcs(t) |4 A, {xs(t)}+ Blp (0 (A4)

- t
()| (A, a, %0

Where the matrix entries are given as:

166



A, = Ayt A,

Av=—ta,

A;l =(A“—aA21)+$(A12—0(A22) (A5)
A= A= Ay

B =B,

B, = B,—aB,

The application of the state convergence procedure on (A4) yields the following design

conditions:
B -aB,=0 (A6)
1

(Au_aAzl)"'E(Alz_aAzz):O (A7)
1

sI—(A“ +EAIZJ =|sI - P|

(A3)

1

sl—(A22 —EAIZJ =|s1 - Q|

In (A8), matrices P and Q contain the desired dynamics for slave and error systems. The
equations (A6)-(A8) form 3n+1 design conditions for single-master/single-slave
teleoperation system where the slave system is to be alpha-influenced by the master

system and desired dynamic response is to be imposed on the slave and error systems.
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APPENDIX B

The closed loop teleoperation system of (6.45) is re-written as:

SRR

Xm (t) A21 Azz m (t) Bz

The various matrix entities in (B1) are found to be:
A,=V,(A,+BK )+V,B R

A,=V,BR +V, (A, +B K,)

A, =V, (A, +BK )+V,B R,

A,=V,BR +V, (A, +B K,)

B, =V,BG+V,B_

B,=V,BG+V,,B_

(B2)

The block matrix V in (B2) is found to be:

V, =(I,-T"BRB,R, )"

S s m m

V,=-TBR,(IL,-T°B,R BR)

m m s S

(B3)
V, =-TB,R, (I, -TBRB,R, )’

S sTTm m

m m s S

Vv, =(I,-T°B,R,BR,)"

We now introduce the following linear transformation:

x, (1)) [Le 0, [ x(2)
|:X9(t):|:|:1nt _A}L(m(t)} (B4)

Where, the matrix A is given by (6.49). By taking the time derivative of (B4) and using
(B1)-(B4), we obtain the following transformed system:

F, (1) (BS)

).(s(t) An Alz |:Xs(t):|+ 1;1
;(e (1) Au  An |LXe

B:

Various matrix entries in (B5) are determined to be:
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All = A11 + Ale-1

1&12 = _AIZA-I

An=(A,-AA, )+(A,-AA,,)A"
~21 (A n)+(Ag 2) (B6)
An = —(A12 - AAzz)A-l

Bi =B,

B> =B,-AB,

The application of state convergence method on (B5) yields the following design
conditions:

B, -AB,=0 (B7)
(A, -AA, ) +(A,-AA,L)AT =0 (B8)

SI- (A, +ALA")

=|sI-P|

(B9)
ST+ (A, -AA,) A |=]sI-Q)
In (B9), the matrices P and Q contain the desired dynamics of the slave and error systems

respectively. From (B7)-(B9), we obtain a total of 2nf+(n+1)x#’design conditions

which can be solved to determine the control gains for a square multilateral teleoperation

system considering the desired dynamic behavior for slave and error systems.
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