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Preface

In 1961, George Devol was granted a patent for the world’s first digitally op-
erated programmable robotic arm. That same year, Unimation, a company
founded by Joseph Engelberger, and which had licensed Devol’s patent, in-
stalled the world’s first industrial robot in a General Motors assembly line
near Trenton, New Jersey. The age of robotics had begun.

In the next decade, researchers in the field of artificial intelligence (AI)
began to investigate the possibility of endowing these programmable robots
with higher-level reasoning capabilities, including planning and perception.
By the end of the nineteen sixties, robots had taken their place in Al labs at
Stanford, MIT and Edinburgh. The age of intelligent robots was underway.

The following years saw an explosion of robotics research, in universities,
government laboratories, and industry. By the nineteen eighties, robotics
researchers optimistically predicted that robots would soon dominate the
manufacturing workplace, replacing most human workers. It seemed only
a matter of time until robots would move from the realm of science fiction
to the everyday, real world. Those predictions failed to materialize, and con-
sequently, robotics fell somewhat out of favor, beginning in the late nineteen
eighties. It would be years before robotics one again captured the excitement
of a new generation of young researchers, and even longer before robotics
regained its reputation as a credible and fundamental area of research, de-
serving of significant funding resources.

At this moment, fifty years after the installation of the first industrial
robot, it is interesting to look back at that initial optimism, to evaluate why
it was not realized, and to consider what has driven the recent resurgence of
robotics research. In many ways, the disappointments of the nineteen eight-
ies are due not so much to the failings of robotics, as to the limitations of the
technology of those years. Computers had limited power and limited mem-
ory. Real-time processing of large data sets (e.g., image streams) was impos-
sible. Sensing capabilities were limited by the quality and type of sensors that
were available. Analog cameras required special-purpose hardware to create
digital images, which were often processed off-board in special-purpose (and
very expensive) image processing systems. Tactile sensors, accelerometers,
and force-torque sensors were both expensive and low-resolution. Faced
with these limitations in technology, there was no possibility to implement
advanced approaches to control (e.g., methods that require real-time solu-
tion of inverse dynamics equations), computer vision, probabilistic localiza-
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tion, etc. As a consequence, applications such as mobile robotics, humanoid
robotics, or medical robotics failed to impress. Worse, the inability to ef-
fectively demonstrate advanced ideas on actual robotics platforms had the
effect of stifling, to some extent, creative innovation in the robotics commu-
nity. Much creative energy was spent attempting to solve the problems of
limited technological capabilities, rather than the fundamental problems in
robotics.

In the late nineteen nineties, technology (particularly computing) began
to catch up to the needs of robotics, and a new wave of robotics research
began. The present collection, edited by Luz Abril Torres-Méndez and Edgar
A. Martinez-Garcia rides the crest of that wave. The papers in this collection
cover a vast assortment of topics essential to the progress of modern robotics
research. They consider fundamental problems in control, planning, sensing,
and perception. They deal with teloperated, wheeled, legged, and humanoid
robots. They consider applications such as surveillance, navigation, rescue,
and elder care. They bring perspectives from areas ranging from biological
systems to modern control theory. In this first year of the second half-century
of the age of robotics, the present collection will serve as an excellent guide
to current research, and a roadmap for future exploration.

Seth Hutchinson
Urbana, Illinois
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Chapter 1
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Abstract

In this chapter;, a method to deal with long delayed teleoperation systems is
studied. By transforming the teleoperation systems into Functional Differential
Equations (FDE) systems, a concept that is applied to a class of nonlinear tele-
operation systems with telecommunication delay is proposed. To show the effec-
tiveness of the proposed method, numerical studies will be presented. It is shown
that for arbitrarily long time delay and uncertain environmental contacts, the
system remains stable in certain level of transparency.

(© E. A. Martinez-Garcia and L. A. Torres-Méndez (Eds.), BOOK: Autonomous Robots: Con-
trol, Sensing and Perception, Vol. 1, pp 8-37, Cuvillier Verlag 2011, ISBN: 978-3-86955-866-0
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1 Introduction

Robotics have quickly been matured by increasing efforts of the untired re-
searchers [19, 28]. However, a lot of works still have to be done related to the
growing applications in the future. For instance, applications in hazardous
environment or applications that are almost impossible to be done by human
beings such as in nuclear power plants [24, 12], mining industries [8], space
robots [1], virtual reality [17], unmanned vehicle operations [22], medi-
cal applications [16], cell/micro-organism applications [13], semiconductor
industries [27] and so on. The research direction concerning the above men-
tioned works is known as robot teleoperation. In a common setting, in a
teleoperation system as shown in Fig. 1, the operator will exert a force on
the master manipulator which in turn, results in a displacement or velocity
that is transmitted to the slave side as the order or command. In order to
sense the manipulated object, some informations have to be returned from
the slave side to the operator side. These information could be distance mea-
surement, velocity measurement, force measurement or their combination.
By sending the information back to the master side, the human operator will

10
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Chap. 1 A proposal for dealing with
Long Delay in Teleoperation Systems

be able to feel what happened in the environment for example tactile senses.
However, it may cause instability in the system if the model is not exactly
known or the delay presents in the communication channel. These problems
have been the main challenges faced by researchers for many years. Another
problem that is also considered is about how to provide the capability to give
the operator the feeling of what happened in the remote environment which
is known as transparency. As stated by many researchers, stability and trans-
parency are usually conflicting [15] and many works failed to compromize
these two situations [10]. According to [26], in the mid of 1940s Goertz

MASTER SIDE COMMUNICATION i SLAVE SIDE
CHANNEL
operator visual display slave
manipulator
master
g manipulator
L1

Figure 1: Illustration of a teleoperation system

developed robotic systems that was considered to be the first teleoperation
system. After some years vacant, in the early of 1960s the research in tele-
operation systems started increasing interests. Some preliminary concept to
deal with the teleoperation problem were proposed, for instance, move and
wait scheme [5], supervisory control [6], software languages [7, 25] and pre-
dictive visual display [3]. From 1980s, many stabilization methods for tele-
operation systems started to appear, such as Lyapunov-based theorem [18],
impedance scheme [23], hybrid scheme [9], scattering theory and passivity-
based control [2, 20]. Since the works of [14], the passivity-based approach
started its fame until now. However, in spite of being well-known and con-
sidered to be standard for so many teleoperation applications, the scenario
of using local passivity based controller plus wave variables transformation
have some disadvantages especially due to wave reflection (see [14, 30]).
Some efforts have been done to compensate this issue and possibly growing
in the future. One of the outcomes comes from [20] with their impedance
matching scheme. However, this kind of impedance matching block can give
serious effect to the position tracking.

In most of these works, however, only few are devoted to solve the long
delay in the telecommunication channel. Moreover, it was summarized by

11
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Imaida et. al [11], using the above control schemes, it is always difficult to
control the teleoperation systems when delay is longer than one second. Con-
sidering these, in this chapter, we will deal specifically with the long delay
issue. Using a simple phylosophy that if we are able to transform the teleop-
eration system into FDE form then we will able to stabilize the teleoperation
system naturally. Therefore, we are going to start by building a concept for
the FDE stabilization. Firstly we will deal with the simplest stability condi-
tion of scalar FDE systems. It is found that a simple algebraic condition will
ensure the boundedness of the solution. Furthermore, the systems is Input to
State Stable (ISS). From these facts, we extend the concept into the higher
dimensional systems in order to develop the similar conditions. Finally, the
stabilization of teleoperation systems with arbitrary long communication de-
lay will be proposed. Numerical studies of many classes of teleoperation
systems will also be presented to verify the effectivenes of the method. A bit
further, we also pursue the transparency issue of our proposed scheme. Here
we propose a new definition of transparency and how to achieve it as well as
to find out the relationship between the stability and transparency.

Throughout this chapter the following notations are used. Suppose there
is a given constant T > 0, R and R" a real number and n-dimensional vec-
tor space over R, respectively. Define C([a, b],R") a function that maps the
interval [a,b] into R" with norm |[|x|[o, = Sup,e(q p7 lIXx(E)Il, where [|-|| is Eu-
clidean norm. A function f : [0,s) — [0,00) is said to be class #, func-
tion if it is increasing, continuous and zero at zero. We call it class
if lim,_,, f(0,r) — oco. Finally we define f : [t,s) — [0,00) as class X ¥,
function if for fixed t the function is increasing while for fixed s the function
is monotonically decreasing to zero.

2 Stabilization under uncertain delay

Let us consider the following delayed nonlinear system that is in the form of

FDE
x' () =f(t,x(t),x(),u(t)), te[0,+00)
x(t)=e(t), te[-7,0)

where f € [—7,400) X R" x RK — R is locally Lipschitz continuous function
on R", ¢(t) is smooth differentiable function, x(-) means x(t —7) and u(t)
on R" is the input to the system. It is noted that the above class covers very
general nonlinear delayed systems.

(1)
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Chap. 1 A proposal for dealing with
Long Delay in Teleoperation Systems

For developing stabilization tool, we are going to start with the following
lemma.

Lemma 2.1. Suppose

N
s =as(t)+ ) Bis(t—7) 2)
i=1
and
N
a+]) il <o, 3)
i=1

then every solution of (2)— 0 as t — 0o. Moreover, the solution is bounded by

t N t t
s(6) < exp(—f a(n)dn)+) | (ﬁi(é)eXp(—J aln)dn)d¢) | max s(C).
0 i=1J0 4 T=6S
4)

Proof. The characteristic equation of (2) is given as

N
A= a—l—Z/b’ie_Mi.
i=1

In order to be stable, we need to show that if under (3), the real parts of all
of possible eign values are negative. Let us set A =0 + jw, then

N
o+jw=a +Z[5ie_‘7hie_l°)hi
i=1

B:e~Mi(cos wh; —isinwh;).

N
=a+

i=1
Here we require that

N
oc—a= Z[o’ie_"hi coswh; <0
i=1
Let us assume that o > 0 then we have

N N
—oh:
—a<o—as<) [Blle <) Al

N
a+]D BlI=0
i=1

that contradicts (3). Therefore, every solution of (2)— 0 as t — o0.
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To find the bound (4), let us set

Q) =p(t){s(t)+6(q1()+qa(t)+---+qy(t)}

where

p(t)=eXp(—J a(n)dn)
0

rt
ql(t)=—[p(t)]‘1e><p(—J B1(Ep(L)d?)

0

rt
qz(t)=—[p(t)]‘1eXp(—J B2(Op($)d )

0

an()=—[p(0)]™" eXp(—f Bn(Dp(£)dE),
0

while 6 is a constant to be determined later. Differentiation on p(t) and g;(t)
will give

p(t)=—a(t)p(t)
q1(t) =a(t)q(t) — B1(t)
go(t) =a(t)q(t) — Bo(t)

gn(t) =a(t)q(t) — By (t).

Therefore,
N N
Qt)=—a(t)p(t) {S(t)+52(qi(t))} +5(Op(6) +5a(t)p(t) > (q:(t) = B;(1))
i=1 i=1

N
<p(t) ) Bi(t)(s(t—7)— ).
i=1

Choosing 0 as
60 = max s({)

—T<{<t
14
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Chap. 1 A proposal for dealing with
Long Delay in Teleoperation Systems

where T = max7;, will make Q(t) <0, thus Q is a decreasing function. By
rearranging Q(t,) —Q(t;) where —7 < t; < t,, the following bound applies

to N

S(tz)Sexp(J a(n)dn)S(t1)+(J Zﬁi(C)eXp(J a(n)dn)dé)5
t1 t 4

1 1=1

rfz tao N to
< (exp( a(n)dn)+ J DB exp(J a(n)dn)dC) 5 (5)
Jo 0 i= ¢
r‘t N t 1
< (exp( a(mdm)+Y f ﬁi(cadci) 5.
Jo i=1J0
Therefore the inequality bound (4) follows. O

Remark 2.1. The necessary condition for the boundedness of solution of (2) is
a<O0.

Remark 2.2. The lemma can be read as, if we can find a < 0 such as negative
N :

enough to overcome || Y., ;|| then we can guarrantee that the solution of (2)

is bounded.

Corollary 2.1. With finite nongero input, i.e., ||[u(t)||, < oo the system (1)
under Lemma 2.1 is ISS.

Proof. Using input (2) will be

N
$(6)=a(0)s()+ Y Bi(ts(t —71) +u(t)

i=1

N (6)
S0 < a(O)s()+ Y Bi(0s(t =)+ lu(t) -

i=1

Therefore, by following the step as before we will arrive at

S(t)f(eXP(J a(n)dn)+J ﬁ(C)eXP(J a(n)dn)di) Is(O)l oo
0 0 4

t t 1 (7)
+(J exp(J a(n)dn)dé’) lu(t)lloo
0 ¢

<7(t, lls(O)lloo) + p (lu(t)llo0)-
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A. Cahyadi, R. Yusof,
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where we have defined

N(t,IIS(t)Iloo)=(eXp(J a(n)dn)+f ﬁ(()eXp(f a(n)dn)dé’) Is(l oo
0 0 4

and p(||lu(t)]|«) = exp(at)||u(t)|ls- One can see that 7(t,]||s(t)||,,) belongs
to Class &%, function while p(]|lu(t)||,,) belong to Class #,. Therefore,
the systems is ISS. ]

Theorem 2.1. If

2 (x(), f (x(£),x())) < a(O)llx (Ol +BEONx (I, (8)

and
a(t)+p(t) <o0. 9)

then system (1) with zero input is stable under the bound (4).

Proof Let us set s =x!(t)x(t), by differentiation we get

§=2xT(t)x(t)

<a(O)llx(OI*+B(Olx(II? (10)
=a(t)s(t)+B(t)s(-).
Therefore Lemma 2.1 follows. O

Definition 2.1. The system (1) is said to be FDE-stable if (8) and (9) hold.

3 Teleoperation stabilization

In this section we aim to answer the question on how to solve a teleoperation
system problem via feedback FDE-stabilization. In many works, teleoperation
systems usually have many different representations. Therefore, in order to
be well-arranged, when teleoperation system is mentioned, it will mean that
its manipulator part is modelled in the following form

5, :{ X; = Fi(x;,u;)

. 11
yi:HZ;i(xi:ui)) le{mis} ( )

where m, s refer to master and slave, respectively, 3; means the subsystem,
x; denotes the state variables of the subsystem, F;(:) € R" and H,;(-) € R™

16
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Chap. 1 A proposal for dealing with
Long Delay in Teleoperation Systems

with m < n are the smooth differentiable functions. The matrices F;(:) and
H;(-) refer to dynamical matrix and output matrix, respectively. It should be
noted that (11) is very general equation as the above equation will include all
of nonlinear or linear manipulator systems. For some classes, teleoperation
systems can also be written in affine form as

5 { X; = F;i(x;) + G;(x;)y;
i-

) (12)
yi=Hl(x)+HLu;, i€{m,s}

where G;(-) € R" and H,;(-) € R™ with m <n are the smooth differentiable
functions.

Definition 3.1. (Solving teleoperation problem via FDE-stabilization) For
a given delayed nonlinear teleoperation systems (11), find state feedback con-
trollers for each subsystem

U; :Yi(X,X('),V) (13)
such that the overall closed loop system is FDE-stable.

The above problem seems not an easy one since there is no direct rela-
tionship between teleoperation system and FDE. However, it is turned to be
clear when we merge together the separated system (e.g., master and slave
manipulators) into a single system. Let us define

x(6) =[axm(t) x5()]
x(+) =[x (t = To(8)) x5(t = T1(£))] (14)
T :[Tli T2]T

and also u = [u,,, u;]* and v={[v,,, v,]T where
Fi(x,x(+),v) =F(x,u(x(-),v)) (15)
then the teleoperation system (11) can be re-written as

x=F(c,u(x(:),v))=F(x,x(-),v) t€[0,+00)

x=¢p(O)=x(t—T), t€[—maxiT,,T,},0). (16)

Equation (16) shows that the teleoperation systems indeed belong to FDE.
Therefore, we have successfully translated the teleoperation stabilization prob-
lem into feedback FDE-dissipasiton.

In order to stabilize the teleoperation systems, we propose the following
algorithm:

17
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1. Transform the original system in form of system (1).

2. Consider (x, f (x,x(-),u(x,x(-),v(t)))) then set our condition of interest
satisfying (8).

3. Set u(x,x(-),v(t)) until (9) is met.

4. (Extra step) Using this u(x,x(-),v(t)), minimize a(t) to speed up the
response. For any bounded external input v(t), the system will be ISS.

4 Applications

4.1 Linear case

Consider linear manipulators arranged as master and slave with communica-
tion delay as follows

> { M3+ Cix; +Nix; = 7 +u; (g, y (6 = T5)) (17)

Yi :Hi(xi)7 l:] € {mJS})i 7£]

where T = {Ty,man Tenv} defined to be the external forces/torques from re-
spectively, human and environment acting on the manipulators. It can be
seen that all of the matrix are constants. If we interpret M;, C; and N; are
respectively, inertia matrix, Coriolis and centrifugal term, and gravity and
external force term, it is very common in many literatures to express (17) in
simpler form as follows

5, { M+ Gy = 7+ ui(x, y5(t = Tj)) (18)

Yi :Hi(xi)) L,] € {m,s}.

For simplicity, we can augment (18) into a single system including delay.
Defining,

o X = [xp, x,]"

M :=diag{M,,, M.},

[ ) C = diag{Cm,Cs},
o T:=col{t,,,T},
o T c {Tm, TS})

u :=col{u,,,u,} and

18
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Chap. 1 A proposal for dealing with
Long Delay in Teleoperation Systems 4.1 Linear case

o y:=col{y,,ys}

then we can express (18) as

Mi+Cx=14u(x,y(t—T))
I 19
{ ¥ = col{Hu (), Hi(x} (19)
As y is a function of x, we can further simplify (19) as follows
Mx+Cx=1+1i(x,x(t—T)) (20)

where @i(x,x(t —T)) :=u(x,y(t—T)). As M is invertible, by defining x; = x,
x5 = x finally our system can be written in state space form as follows

x| _ X2 0
[Xz} - [—M‘lez} + [M_la(x,x(t—T)—l-M_lr)} ’ (21)

It can be seen from (19) to (21) that the system is no longer linear as
delays are already included in the system. Moreover, implicitly (21) is already
in FDE from. As the teleoperation system (17) is always governed by the time
delay, it is always possible to express it explicitly in the form of (16). For sake
of simplicity, let us choose the control law to be in the form of

a(x,x(+)) = ug () +up(x(-)), (22)

which leads to

X1 _ X2
[3&2} B [M_l[—sz—i—ua(x)]}

n 0 (23)
M tup(x()+M 17
=f1(x)+ g1 (x(-))+hy(7)
that is clearly in the form of (16).

Remark 4.1. In teleoperation system, in order to achieve coordination control,
the delayed part of the control law (22) is not allowed to be trivially zero.

Proposition 4.1. The delayed linear system (23) can be rendered to be FDE-
stable system with the control law

u=-—Mbx; _diag{kdi(x%i(')+x§i('))}x2 (24)
W—/\ ~~ 2
g (x) up(x(-))

where i € {1,2,---n} is the link number and kg; are positive constants.
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Proof. The proof relies on Theorem 2.1. According to the theorem, it is nec-
cessary for (23) to satisfy (8) and (9) in order to be FDE-stable system. There-
fore, the following inequality has to be satisfied

2(z,f (2,9, x (1)) <a(Ollz]I*+ BOIP(OII*.
Using z =[x, x,]T and substituting all terms, we get
2z, fi(z, (")) =x{ xg+x, M~ [—Cxy+ug(x)]+x5 M~ up(x(+))

=—szM_1Cx2—I—xZTM_lxzdiag{kdi}xT(-)x(-)

<a(lloey 12+ 112 l?) + BCllxy I 4 lea (I1).
Here we have defined a and (3, respectively, as

a :=min{ (M~ 1C)}, and
B :=kgmax{A(M1}}

where A(:) means the eigenvalue of a matrix. O]

To get the intuitive idea about what we have just obtained, we will demon-
strate the use of control law (24). However, we are not going to talk about
teleoperation system, instead, a trivial example is given. Let us consider a
delayed first order linear system (23) whose parameters M, C, k, are set re-
spectively as 0.1, 1, 1. Moreover, both of the initial condition for x; and x4
are set to 0.1 and the delay is set to a constant arbitrarily high, say 10 sec-
onds. The numerical results when no external forces are exerted are given in
Figure 2. It is seen from the simulation results that, in the absence of exter-
nal forces, the states are converged to zero thus the system is asymptotically
stable. The simulation results when the system is excited with external in-
put are depicted in Figure 3. It is also seen that the system is stable in the
sense of ISS, more exactly it is FDE-stable system. Despite it is seen that
in the above case the system can be rendered to be FDE-stable, it, however,
says nothing about teleoperation system. Even if we connect both master and
slave sides using the above control law, it still does not have any teleopera-
tion sense since the slave manipulator cannot follow the given command. In
orther words, the both sides will act independently thus the slave side cannot
track the master side position. Therefore, the system (23) with the control
law (24) has to be re-written in order to have teleoperation sense. Hence let
consider a replacement of the slave side as follows

- { M+ CoXo +Nxe = Te +1s(Xe, Ym(t —2Tpn))
S

¥s = Hy(xs) (25)
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Figure 2: State dynamics
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(Top) External force
(Middle) State x;
(Bottom) State x5

Figure 3: Effect of the external force

where X, is defined to be x, — x,,(-). This can be transformed into state space
form to replace (24) and (23)as

X1m Xom 0 0
X1 | X9e " 0 + 0
x2m Mrzl[_CmXZm_i_uam(xm)] Mrglubm(xm(')) Mn_ﬂllThum
)'C2e Ms_l[_Csx2e+uas(xe)] Ms_lubs(xe(')) Ms_lTenv
(26)
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Uy =—M X1 — diag{kmi(xfmi(') +x§mi('))}x2m

, 27
us = —Mx1, — dlag{ksi(xfei(')+X§ei('))}x23 @7

where i € {1,2,:--n} is the link number, k,,;, k,; are positive constants. By
explicitly expressing x, back into x, — x,,(+) finally we arrive at the following
corollary.

Corollary 4.1. The control law

Up = _melm - diag{kmi(xfmi +x§mi)}x2m - Fed
Ug :Msjém(') - Ms(xls - xlm(')) - diag{ksi((xlsi - lei(t - 2Tm))2 (28)
+ (X g5; = Xomi(t = 2T;))*)Hxgs — X (+))

where i € {1,2,---,n} is the link number, k,,;, k; are positive constants, and
F.4 is the delayed force sent from the slave side, is able to render the closed loop
system FDE-stable.

Using the same parameters as the previous example for both master and
slave system, Here we simulate the tracking response for constant time de-
lays set to respectively 0.6 second, 6 seconds and 60 seconds. The tracking
responses are shown in Figure 4, we can see that the slave manipulator can
track the master manipulator in reasonably good manner irrespective of the
communication delay. It is seen that the due to the delay, when the same hu-
man force is applied (see Figure 5), the shape of the response acts diffrently
because of the dynamics of the manipulator. However, the stability can be
well maintained even the delay is varying 100 times. Let us now place a
virtual rigid wall with stiffness 10000N /m placed at 0.5 cm in front of the
slave manipulator. The responses are shown in Figure 6. It is shown from the
figure that even with environmental interaction, the overall stability still can
be maintained. Let us now set the master side control law to be (28). The
tracking responses for, respectively, 0.6 second, 6 seconds and 60 seconds de-
lays are depicted in Figure 4. It is seen now that the tracking responses can
maintain the shape of the responses irrespective of the communication de-
lays. Moreover, when a virtual rigid wall with stiffness 10000N /m is placed
at 0.5 cm in front of the slave manipulator, the responses shown in Figure
6 tell us that the stability can be maintained with almost the same shape of
the responses. For comparison purposes, we simulate the performance of
the teleoperation system using passivity based controller with wave variable
transformation [21]. Using the same manipulators for both master and slave
sides, the controller is given by
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Figure 4: Tracking responses
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Figure 5: Human force applied to the master side

Unp = kfmfs(t - T)+kvmxm
t, .
Us = kvs (fo (Xm(T - T)_ kste)dT _xs)

where the controller parameters, i.e., kg, kym, ks and kg are, respectively,
set to 1, 1, 1 and 0.1. The simulation results are depicted in Figure 7 and
Figure 8. It is seen that the tracking responses, compared with the above
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Figure 6: Responses under environmental contact

proposed schemes, are not satisfactory and depend highly on the amount of
the delay. Moreover it has significant tracking error. In Figure 8, the wall is
replaced with the soft one with stiffness 0.3 N/m and also shifted to 0.2 cm
because the response becomes highly unstable for the very stiff wall. In spite
of this replacement, the responses are still not satisfactory and only achieve
marginally stable for 60 seconds delay.

4.2 Nonlinear teleoperation stabilization

It is possible to extend the principle that we have applied to the linear systems
into more general nonlinear systems especially for Euler-Lagrange represen-
tation as follows.

M;(q;)d; + Ci(q:,9;)q; +Ni(q;,q;) = 7; (29)

where m, s refer to master and slave, respectively, g; € R" represents link gen-
eralized coordinates, M(q;) =M (q;) > 0 is the robot inertia matrix, C;(q;,q;)
is the Coriolis and centrifugal forces term, and N;(g;,q;) is the gravity force
and external forces term. It is known from literature that the kinetic energy
and potential energy of the above system are,respectively, given by T;(q;,q;) =
%qile-(qi)q'i and V;(q;) with g;(q;) = a‘g—f;i), where g;(g;) is the gravity force
term. Let us choose the same control law in the same form as (22). As
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Figure 7: Tracking responses of passivity based control [21]
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Figure 8: Responses under soft environment contact using passivity based control [21]

M(q) is invertible, by defining x; =q, x, =g our teleoperation system can be

200
Time (sec)

written in state space form as follows
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R T VTR Ve 2 [
Xo | T | =M(x1) 7 C(x 1, x2)x, —M(x1) "IN (x1,x3) M(xy) 't

0
+ [M(xl)_lfl(X,X(f - T))} '
(30)

Similar to Proposition (4.1), the following proposition provide a similar
control law for Euler Lagrange version

Proposition 4.2. The Euler Lagrange systems (29) can be rendered FDE-stable
with the control law

u=—M()x; +N (1, x0) ~diag g (A O+ x4 (. (3D
”:(:f) ub(},@))

wherei€1,2,--- ,n is the link number, kg4; are positive constants.

Proof. The proof is very similar with Proposition 4.1 except here we have to
generalize into Euler Lagrange systems. Therefore, we skip the overall proof
for convenience. O

We are going to demonstrate the stabilization of the Euler Lagrange sys-
tems using control law (31). In order to avoid the use of gravity compensa-
tion, a two links SCARA robot as shown in Figure 9 from [4] is used in this
example. The dynamics of this manipulator is given by

M(6)8+C(6,0)0 =u—r, (32)

where u is the control input torque, 7, is the torque due to interaction with
the environment, and

M(6) = [p1+2p3c0592 p2+p3c0592} ,

P2+ p3cos P2
NS —p392(291+92)511’192
€(0,0)6 = { p39125in92

where

p1= L+DL+Is+I3+I4+1,+(Ms+My+M,)L]

+MyL3+MyL;+M, L3
P2= Iy+14+1,+M,L;+M,L5
P3 = M4L1L4+MPL1L2.
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The value of the parameters in the above dynamic equation are as follows

p;= 3.316kg/m?
py= 0.117kg/m?
p3= 0.163kg/m>.

Mp, Ip

Y

Figure 9: Two links SCARA robot

Considering the same technique with the linear case, we can develop more
general control law to achieve stable teleoperation system as summarized as
follows.

Theorem 4.1. The teleoperation systems (30) can be rendered FDE-stable by
the following control law

Up =— Mm(xlm)xlm +Nm(x1m:x2m) - diag{kmi(x%mi(') + xgmi('))}XZm - Fed
Us :Ns(xls’st) +Ms(xls)x2m(') _Ms(xls)(xls - le('))
o diag{ksi((xls o xlm('))z + (xi - x2m('))2)}(x23 o sz(-)),
(33)

where i € {1,2,---,n} is the link number while k,,; and k; are positive con-
stants.

Proof. The proof is built based on Theorem 2.1. The theorem says if the
teleoperation system (29) with the control law (31) satisfies (8) then it is
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FDE-stable. However, in order to simplify the proof, we can use Proposition
4.2. Let us consider the transformation of (29) as follows

25 { Mm(xm)jém T Cm(Xm,Xm)Xm +Nm(xmaxm) == Th+us(xmaxs('))

. S . 34
M, (x50 Cy(Xgr o) %0 -+ Ny (Xs %) = — T 145 (Xr Xy () (34)

where X, is defined to be x, —x,,(-). This can be transformed into state space
form to replace (30) and (31) as

J.Clm Xom 0
xle — X2e + 0
X2m Mgl(xlm)[_cm(xlm:XZm)XZm _Nm(xlm:XZm)] uam(xm)
x26 Ms_l(xle)[_Cs(xleJXZe)XZe _Ns(xleJXZe)] uas(xe) |
0 0 |
0 0
+ anl(xlm)ubm(xm(')) + Mrzl(xlm)fhum
Mg_lubs(xe(')) Ms_l(xle)fenv i

(35)

Up =— Mm(xm)xlm +Nm(xlm’x2m) - diag{kmi(x%mi(') +x§mi('))}x2m - Fed
Us =— Ms(xle)xle +Ns(xle:x2e) - diag{ksi(x%ei(') + xgei('))}xZe"
(36)

where, as the previous discussions, i € {1,2,---n} is the link number, k,;, ki;
are positive constants. We can always set the delay that is appear in the
local control law to be zero without sacrificing the FDE-disipativity property.
Finally, by explicitly expressing x, into x, — x,,(-) finally we arrive at control
law (33). O

In this example we are going to consider two identical SCARA robots (32)
as in the previous system (see also Figure 9) for both master and slave sides.
The controller gains: k,,1, k0, ks; and kg, are set to 100, 200, 1000 and
2000, respectively. The same human torque input with the previous examples
are exerted at first and the second link of the master manipulator. In order
to verify tracking performance, both sides are set to have different initial
conditions, i.e., all of initial states in master manipulator are set to 0, and all
of the initial slave states are set to 0.1.
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The tracking performance, i.e., the responses without any environmental
interactions are depicted in Figure 10. Beside their stable nature that is irre-
spective of the amount of delay, it is seen that for the first link, the tracking
response are better than the second link. It is not surprising since the second
link are influenced by the first link. Therefore, the tracking error is prop-
agated from the first link to the second link. Fortunately, this effect can be
suppressed by giving higher control gains for the second links for both master
and slave manipulators although sometimes too high gains are undesirable.

ime (sec) Time (sec)

(Top) Delay= 0.6 second
(Middle) Delay= 6 seconds
(Bottom) Delay= 60 seconds

Figure 10: Tracking responses

In the second simulation, in order to observe the stability effect under the
environmental interaction, we place a very stiff wall in the slave side with
stiffness 10000kg/rad such that it will collide with the second link of the
SCARA manipulator at 1 rad. The controller gains are kept to be the same
as the previous. The responses under this situation are shown in Figure 11.
It is seen that the overall responses are still stable in spite of wide variations
of delay. From the numerical results, it is seen that for both contact (free
motion) and non contact responses the capability of the slave manipulator to
track the master manipulator is almost irrespective of the amount of delay.
Other the control laws (24) to (33) are able to stabilize the teleoperation
system under any uncertain long delay.
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Figure 11: Responses under environmental contact

5 Achieving transparent teleoperation

After the stability is obtained, a highly transparent teleoperation system is the
next goal to be achieved. Here we will chase a certain level in transparency
from our previous stand point, i.e., without altering the controller. To analyze
the transparency let us assume that the interaction with the environment can
be exactly given as follows

F, :mejée+bexe+kexe +fext (37)

where
_xs iff;>0
Xe=1 0 otherwise.

Usually the interactions can be divided into two, i.e., contact (free motion)
and non contact interaction. Fortunately, both types are well described in a
single equation by (37). While the slave side is in free motion, ideally the
force exerted by human operator should be zero as (37) will output zero
force. However, both of the manipulators are still subjected to the gravity
and external term N;(q;,q;) that generate gravity related force. In fact, the
control laws described in the previous section come with the gravity and
external term compensations. It, however, is almost impossible to cancel
these terms exactly.
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