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ABSTRACT

In this paper, we derive a new tool for Input to
State Stabilization (ISS) of a delayed systems. The
considered system is in a very general form of Func-
tional Differential Equation (FDE). Firstly, a notion
of FDE Dissipativity that is applicable to a class
of delayed nonlinear systems is introduced and ex-
plored. It will be shown that FDE-Dissipativity will
imply Input to State Stability (ISS) for time delay
systems. Moreover it has equivalent characteristics
with the non-delayed nonlinear systems, for instance,
feedback interconnection of two FDE-Dissipative sys-
tems is also FDE-Dissipative and it is possible to re-
construct loop-transformation with properties simi-
lar to the non-delayed passive system. Based on this,
we construct a Lyapunov-Krasovskii like functional
as the main tool for the IS-Stabilization of the FDE
systems. Finally, a numerical studies are presented in
order to verify the effectiveness of the proposed tool.

Keywords: Function Differential Equation (FDE),
FDE-Dissipativity, Input to State Stability (ISS),
Feedback Connection

1. INTRODUCTION

In almost parallel to the non-delayed case, the sta-
bility theory for delayed nonlinear systems under-
goes a long time history. The foundation was long
establised since 1950s by series of distinguished re-
searchers, for instance, Krasovskii [12], Hale [5] ,
Driver [3], Burton [2] and many more. As summa-
rized by Burton [1] and references therein, the main
tools for analyzing the stability of delayed nonlin-
ear systems come in the form of Functional Differ-
ential Equation (FDE) namely Lyapunov-Krasovskii
type theorem and Lyapunov-Razumikhin type theo-
rem. Unfortunately, so far there is no systematic way
to find Lyapunov-Krasovskii Functional or Lyapunov-
Razumikhin Function. Therefore, the search for both
of tools can be a time consuming task.
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One of natural way to find the stabilizing con-
troller for delayed nonlinear systems is by extending
the control ideas from the non-delayed one. For in-
stance, [9] extended the concept of Control Lyapunov
Function (CLF) in the non-delayed case into delayed
case known as Control Lyapunov-Razumikhin Func-
tion (CLRF). However, it is often more difficult to
find CLRF than the solution itself. Other works from
[14], [10], [13] utilize backstepping tool in accordance
with Lyapunov-Krasovskii functional or Lyapunov-
Razumikhin function for delayed-nonlinear systems.
While the other famous approaches use the extension
of Input to State Stability (ISS) concept into delayed
case using the two tools above [18], [16].

In contrast to the above approaches, although
hardly discussed in the literature, dissipativity of so-
lution of FDE gave promising results. Series of works
from Huang [6], Tian [19], and recently generalized by
Wen and Li [20] show that if the solution of FDE ex-
ists and moreover satisfies some simple assumptions,
then its solution will be bounded for all time. There-
fore in this work, their results are utilized and re-
formulated into FDE-Dissipativity as mentioned in
the next session. It is surprisingly interesting as prop-
erties similar with the ISS system for non-delayed
case are inherited for FDE-dissipative systems. In
special cases, FDE-Dissipativity will also imply In-
put to State Stability (ISS) for time delay systems.

In this paper, a term of FDE-Dissipativity in de-
layed nonlinear system is introduced and explored.
It is shown that the FDE-Dissipativity is a suffi-
cient condition for output to be bounded. Moreover
it is also shown that it has equivalent characteris-
tics with non-delayed nonlinear systems, for instance,
feedback interconnection of two FDE-Dissipative sys-
tems is also FDE-Dissipative and it is possible to re-
construct loop-transformation with property similar
to non-delayed passive system. To achieve this goal
an approach from dissipativity of functional differen-
tial equation is employed. In this extended abstract
version, in order to keep the space minimal we are
going to omit all of the proofs. Moreover, no verifica-
tions either from simulation or experimental results
are given so far.

Throughout this paper the following notation is
used. Suppose there is a given constant 7 > 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 ||zfloc = supyeq p |() |, where |- is Euclidean
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norm. In this paper we also use class K and class KL
function defined respectivelly as follows: if

2. DISSIPATIVITY OF FUNCTIONAL DIF-
FERENTIAL EQUATIONS (FDE)

In this paper, we are going to work with the fol-
lowing delayed nonlinear system that is in the form
of FDE

. Qfl(t) :f(t7 x(t),l‘(~)7u(t)),
| z(t) =p, te[-7,0)

where f € C([—T,+00),R*) is locally Lipschitz con-
tinuous function on R* and u(t) is a continuous sys-
tem input on R, 77 < x. The above delayed non-
linear system (1) is more general than the one used
by Wen and Li, (2007) in the sense that in the above
equation the input is considered.
Lemma 1 (Weak generalized Halanay inequality)

Suppose that

u < —a(t)u(t) + B(t) sup u(d) (2)

—7<é<t

t €0, +00) )

where t > tg, a(t), B(t) are positive continous func-
tions such that 3 < ga with 0 < ¢ < 1 then

u(t) < ke Pt g > ¢, (3)

Here the gain k is defined as k = sup_, <, |u(?)]
and g = {inf;>s, s(t) : s(t) — a(t) + B(t)esDT = 0}
The word 'weak’ in the above lemma refers to the fact
that one term is missing from the generalized version
of Halanay inequality from [19], [20].

The following is the famous definition of dissipative
FDE that is often found in the literature.

Definition 1: The above dynamical system (1)

with zero input is said to be dissipative if there ex-
ists a bounded set of ball B C R*, such that for any
given bounded set ® C R, there is time ¢y = to(P),
such that for any given set ¢ C C'([—7,0], R®) that is
contained in @ for all ¢ € [—7,0], the corresponding
solution y(t) are contained in the ball B for all ¢ > 0.
If the solution goes to zero as t — oo then it is called
strictly dissipative.
The above definition will also imply that the system is
stable in the sense of Lyapunov by noting that there
exists € € B and such that for z(—7) < 6 € & =
z(t) <e.

Starting from this definition, by considering the
input in (1) the following definition is introduced.

Definition 2 (FDE-Dissipativity) The above dy-
namical system (1) with zero input is called FDE-
dissipative if for zero input u, the system is dissipative
while for bounded input u, the solution is bounded.

By defining an output equation as

y(t) = h(z(t), x(-), u(t)) (4)

where y(t) is a class K function then the above defi-
nition will also valid if we change the word ’solution’

with ’output’. It is supposed that the class of FDE
mentioned in this paper satisfies the following condi-
tion

2 (2, f(z,9(), x(1))) <a®)]2]* + BO)I¥ ()]

RO )

For the system represented in the affine form, i.e.,

&= f(x,z(-)) + gu(t) (6)

the above condition can be relaxed to be independent
of the input since

gu(t) < gl maxu(s) == T 7)

thus by setting x(t) = T’ will solve the last term re-
quirement.

Proposition 1: The system (1) satisfying (5) im-
plies a(t) <0, 8(t) > 0 and «(t) > 0.
The following lemma is the extension of Wen and Li,
(2007) for the FDE system with input. In our lemma
three additional features appear: first, u(t) will be
explicitly shown; second, the bound is in a very ex-
plicit form; and third, the condition (5) relaxes their
restrictions.

Lemma 2: Suppose

Y'(t) <a®)Y () +BOY () +wBUE)  (8)
where U > 0 is an input. If
a(Q)+ () <0 (9)

then
V(o)< (el [ atman+

;r%aéoY(C)

- (B0) exp(— | ta(n)dn)dC)>

+ [ s e [ abmindc s, v

(10)

Proof:  Let us set a function Q(t) defined as

follows

Q(t) = p()(Y(t) + b1q(t) + d2s(t)) (11

where
p(t) =exp(— /O a(n)dn)
a(t) = — [p(t)] " exp(~ / BO)P(C)dC)
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while d; and d5 are constant that have to be deter-
mined later. Differentiation of p(t), ¢(t) and s(t) will
give

p'(t) == a(t)p(t)

q'(t) =a(t)q(t) — B(t)

s'(t) =a(t)w(t) — k(t).
Considering (8) then we get

Q'(t) =p(t)(—a(t) (Y () + d1q(t)) + d25(t))
+2Y'(t) + d1(a(t)q(t) — B(1))
+0a(a(t)s(t) — (1))

=p()(BEOY(t = 7) = 1) + K1) (U — b2))-

Choosing §; and J- as
91 = max Y ({)

—T<(<t

0y = oA U(¢)

will make Q’'(t) < 0, thus by rearranging Q(t2)—Q(t1)
where —7 < t7 < to the following bound applies

Y (f2) < exp(— / " a(mdn)Y (1)

i ( ;f«) exp(~ /C ’ (n)dn)dc) 5,
; ( / #(C) exp(— /C ; a(n)dn)> 05,

< (eXp(— /:2 a(n)dn)+
; ( / * B¢ exp(~ /C ; a(n)dn)dc) 5
" ( / " w(C) exp(— /< ; a(n)dn)dC> 5,

(12)

In order to finalize the proof we need to show that
for all 0 < ¢; < tg, Y(t2) < Y(t1). We are going to
prove this by contradiction. Let us assume that there
is £ > t; such that Y (fy) > Y (¢;), which means that
Y'(t3) > 0. However, from (9) it is easy to show that
by a direct differentiation on (12) Y”(¢) < 0 for all ¢.
Therefore the inequality bound (10) follows. |
Theorem 1: Suppose that the system (1) with so-
lution x(t) satisfies (5) then it is FDE-dissipative. For
zero input the system is strictly dissipative in the
large, i.e., the absorbing set is all x(—7) € R*.
Proof: Let us take Y (t) and U(t) as follows

Y = =)
U) = [u(t)ln 13)

then

V() =2 (x(t), f(a(t), 2(), u(t)))
<a(®)]|lz(®)* + B (I + K() [u(t) -

Then lemma 2 follows. From (9) and (10) it is seen
that if u(t) is a constant the solution is decreasing
for all z, which means that the solution will tend to
zero. To be precise, let us proceed straightforward.
By differentiating (10), using (5) and considering the
fact from Proposition 1 then the above relation is
non-positive. |
The first two terms in (10) belongs to class K, i.e.,
the function is continuous and zero at zero. For fixed
t the function is increasing and unbounded while for
fixed max_,<¢<o Y (¢) the function is decreasing to
zero. With an additional property that

¢ t
|| #Qeant [ atmandc <memmi@n (4
where @ and ¥ are, respectively, the maximum of «/(¢)
and £(¢) over 0 < ¢ <t then the last term in (10)
belongs to class K. Therefore, the following corollary
holds.

Corollary 1: If k(t) is an energy signal, i.e.,
limp<s<oo /(8) is finite then the system that is men-
tioned in Theorem 1 will also inherit ISS property
with ISS gain %(t).

Proof:  From (9) and (14) the equation bound
(10) can be restated as

y(t) < (em / an)dn)

N /  B(Cyean /< t a(n)dn)dé)% 19Ol

1
2

+< [ et ( a<n>dn>dc) (1) oo
<t 19(®) o) + P18 1c).
(15)

where we have defined

(1 (1) o) = (exp< | atian+

N / " B(¢) exp /4 toz(n)dn)d<>; 19(Olloo

and p([u(t)]le) = Fllu®)]lo = Fexp(@)|[u(t)]|oo. ®
3. SOME SIMILARITIES TO ISS FOR
NON-DELAYED SYSTEMS

We are going to explore some similarities of the dis-
sipativity and FDE-dissipativity of delayed nonlinear
systems to the ones owned by non-delayed nonlinear
systems, i.e., assymptotic stability and ISS property.

Consider now connection of two nonlinear delayed
systems represented by

v xi(t) =f(t, zi(t), zi(-), wi(t)), t € [0,+00)
) mi(t) =i, te[-7,0) ie{l,2}
(16)
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A cascade connection of the above system can be
obtained by coupling the input ws(t) of second sys-
tem to the first system via wa(t) = hq(z1(¢t)). It is
assumed that the output functions h;(x;, z;(+)) satisfy

1hi(@s, 2 (DI < ai@llal? + b (@)l ().

Theorem 2: The cascade connection of FDE-
dissipative system and FDE-dissipative system is
FDE-dissipative if

(17)

max {aq (t) + k2(t)a
+max {B1(t) + K2(t)b

1(1), aa(t)}
1(2), B2(1)}
+r1(t) <0

(18)

Proof: Suppose that

2 (x1, f1(z1, 21(),wr)) <o (t)||z]* + Bt
+ r1 () [wi oo

wa)) <as(t)|zal? + Ba(t) |22 ()P
+ ra(t)||wz[oo-

Take x = [z1 x2]", [ = [f1 fo]T

[wy hi(x1(t),21(-))]" then

(z, f(z,2(-),w)) = (21, fi(z1,21(-), w1))

+ (w2, fo(w2, 22(-), w2))

a1 ()17
2 <$2, f2(x2,.’£2('),

and w = [wy wa]T

<a(®)]|z]* + BO|x()* + r1(®)]wlo-

with «(t) max {aq (t) + ka(t)aq(t), az(t)} and
B(t) = max {B1(t) + K2()b1(t), B2(t)}- u
Corollary 2: The cascade connection of strictly
dissipative system with FDE-dissipative system sat-
isfying (18) is strictly dissipative
Consider now a feedback connection as illustrated
by Fig.1 where each block is represented by (16).

ha(za,22(+))
wy = vy + ha(x2, 22(+)).

(19a)
(19Db)

wp, = V1 —

It is also assumed that the output h;(z;, z;(+)) satis-
fies (17).
Theorem 3: The feedback connection of two FDE-
dissipative systems is FDE-dissipative if
a;(t)} +max {3;(t) + ri(t)bi(t) }
+max {x;(t)} <0
(20)
Proof:  As before we define x = [z, z3]T, f =
[f1, fol™, and v = [v1, vo]T

= filws, zi(), wy)

max {a;(t) + k;(t)

w = [wy, wa]t where

filw,x(-),v:) (21)
then

(i, fzimi (), w;)) = <$¢7f($,x(')avi)>~

Therefore the following relation holds

(z.f(x,x()0)) <
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vif ™ e 5
5y ez ++ V2
Fig.1: Feedback connection of two FDE systems.

where

a(t) =max {ai(t) + xi(t)ai(1)}

B(t) =max {Bi(t) + ri()bi (1)}

k(t) =max {k;(t)}.
Therefore, if the condition (20) is satisfied, then the

FDE-dissipativity follows. |

In [8], Theorem 1, the input for the feedback con-
nection is restricted to w;(t) < x;i(||z(t)]|) where
Xi(-) € K. Therefore, Theorem 1 in this paper will
be applicable in more general sense.

3.1 FDE-disipativity, Lyapunov stability and
IS-Stabilization

In this section, firstly we are going to prove a less
general dissipative condition for system (1). Using
our main tool, i.e., Theorem 1 we can prove exponen-
tial stability solution of system (1) easily.

Theorem 4 (Lyapunov exponential stability) If there
exists a functional V : R! x R" — R! such that
. Wi(2) < V(t,2) < Wa(a)

e Walz() < V(t,2())

e V(t,2) < a(O)Wa(a) + B Wa(a()

where Wy, Wy and W5 belong to class K function,

then the system is globally exponentially stable.
Proof: By a direct differentiation we get

V(t,2) <a(t)Wa(z) + B(Ws(())
a®)V(t,z) + BBV (L 2())

Then we can apply Lemma 2 in order to arrive at

Vit < (ol | " a(n)dn)+

+ e e [ awand)) mx vie.o
= Vo exp(pt).

Therefore, we conclude that x(t) < Wy 'Vyexp(pt) B
Finally we consider the following control problem
as:
For a given delayed nonlinear system, find a (state)
feedback controller to render the close-loop system
FDE-dissipative
Then we propose the following step:
Transform the original system in form of system

a®flzl® + BBz + st)llv(t )IIQ( 1).
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2. Consider (z, f(x, (), u(t))) then set our condition
of interest satisfying (5).

3. Set u(t) until the condition is met.

4. (Extra step) make (t) satisfies Theorem 1 in order
to make our closed-loop system ISS.

4. ILLUSTRATIVE EXAMPLE
4.1 Control law comparison

In order to make everything clearer let us take an
example from [16] as follows

B =17 :Z?((;) A)
Zo(t) =x1(t)xa(t — A) + u(t) + w(t)

+ (5.%‘2(t — A) (22)

where x(t) = [1(t), 22(t)]7, u(t) is the control input
and w(t) is a locally essentially measurable distur-
bance, ¢ is a bounded constant that represents un-
certain parameter and A is a positive constant that
represents an arbitrarily long time delay in the sys-
tem. In [16] by utilizing Lyapunov-Krasovskii Theo-
rem, the control law that is able to render the system
(22) to be ISS is as follows:

u(t) = —x1()xa(t — A) + (1 4+ 23(t — A))-

_kT (%) xl(t)

—dz1(t — A)za(t — 2A)+
2$2(t)$1(t— A) T9 t—
+(1+m%(t—A)) <1+a:1 t—2A ))

—0(1+ 23 (t — A))u(

(23)

From the above equation ones can see how compli-
cated the control law is. At first, this control law
has the factor of double delayed state information
z(t — 2A). Due to its dependence with x(t — A) the
above control law is only applicable at ¢ > A. In real
applications, this will imply that some buffer has to
be used in order to store the delayed variable informa-
tion. Moreover, the inclusion of uncertain parameter
0 and the delayed control law u(t — A) can make the
control law more complicated than the system that
has to be stabilized. This will also imply that that
the control law is impossible to be applied in a real
system.

Let us compare with our proposed tool. We are
going to use another scenario utilizing the above out-
comes. Let us start with (5). By defining z = z,
z(t —A) = z(-) and f(z,z(), [u,w]T) = (z) then we

arrive at

Fom Bt — Ay Y

+x1(t)za(t)za(t — A) + za2(t)ult).

In order to simplify the problem let us set u(t) =
w1 (t) + u2(t) where x1(t) is set to

xl(t)

m - xg(t — A)

(25)

Uy = —

Therefore (24) can be reduced to
(2, f(z,9(),ul(t))) < wa(tyus(t) + 0z (D)2t = A).
(26)

By assumption that the bound of the uncertain pa-
rameter J is known, we can set

o l’g(t) 1
Uy = Tx%(t)(im%(t) - Eﬂmax”é”)x%(t) +v)
(27)
in order to arrive at
(2, f(z,0(),u(?)) <o (28)

Therefore, we have freedoms in choosing v, for in-
stance,

v =—ax3(t) — bas(t) + cxi(t — A) + dai(t — A)

where a, b, ¢ and d are positive constants. One can
see that the proposed controller is easy to be ob-
tained. Moreover, it is simpler than (23). Numerical
verifications have been done in order to verify the ef-
fectiveness of the controller. The initial conditions are
z(0) = [0.1, —0.1]7 and controller constants a, b, ¢
and d are set to 100, 100, 10 and 10, respectively.
The results shown in Fig. 2 and Fig. 3 show the ISS
property of the stabilized system. In Fig. 2 when no
input is applied, in spite of being slowly converged,
the system is shown to be stable. Finally Fig. 3 show
the boundedness of the solution when a disturbance
(see Fig. 4) is given to the system.

0.1

0.05 —
O {\/\/\WVVV%NW%WWWNWMWW

L L L L L L L L L
20 40 60 80 100 120 140 160 180 200

20 40 60 80 100 120 140 160 180 200
Time (sec)

Fig.2: Responses without input

4.2 Electrohydraulic motor with long inlet
hose

A hydraulic motor using servo valve dynamics with
long inlet hose can be modelled as follows
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Fig.3: Responses with input
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04
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-0.6[
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. . . . . . . . .
0 20 40 60 80 100 120 140 160 180 200
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Fig.4: Disturbance applied to the system

(29)
(30)

where ¢ and ¢, are positive constant parameters of
the hydraulic servosystem,/A represents the uncertain
delay, x and cot x are the angular displacement and
angular velocity, respectively. It is seen that the eign-
values of the above system are A\; = 0 and Ay = —cy,
means that without delay, the above system is sta-
ble. While there is no instability theorem that able
show the stability behavior of the system, we are in-
terested to find a control law that make the system
FDE-Dissipative. In order to make the problem more
general, let us consider the following system

& = Az + Bu(t — A) (31)

y=cr (32)

x=¢, te[-T1,0) (33)

Let us perform the similar steps as before. Us-
ing (5) by defining z = =z, (t — A) = z() and

f(x,z(-), [u,w]T) = (z) then we arrive at

<Z7 f(Z,’(/J(),U(t))) < ZTAZ + ZTBu(t - A)

In case of Dim(u) < Dim(z), v and B can be re-
shaped by zero padding

o=l o [ o)

If u can accept non-delayed state x, the stabiliza-
tion problem can be solved by

uw=—BT2z — BTasign(x)z (t — A)z(t — A)

Proposition 2: The delayed system (31) is not
FDE-stabilizable.
Proof: We are going to prove by contradiction.
Assume that there exists control law u(z(t—A)) such
that

(x,3) = 2T Az + 27 Bu(t — A)
< —mineig(A) [ + Blla(t — A)]

where ( is any positive constant. We have two con-
ditions:

o If eig(a) > 0, it will lead to a direct contradiction
o If cig(a)/leq0, we have to assure that

.Z‘TBU(JJ(t —A)) < Bllz(t —A)|?

however it is impossible to find such u(z(t—A)). This
is also a contradiction.
]
Although we fail to find the stabilizing control law, we
are still able to propose control law that technically
applicable by only using the knowledge of the sign(z).
Proposition 3: The delayed linear system (31)
with eig(A) < 0 is stabilizable by

u = sgn(z) BTz (t — A)z(t — A)
Proof: Substitute u into (5). ]

5. CONCLUSION

The similarities between the delayed FDE-Passive
system and ISS system for non-delayed system is
presented in this paper. Firstly, FDE-Dissipativity
term for delayed nonlinear system is introduced and
explored. Besides its sufficiency for output to be
bounded, FDE-Dissipativity will also imply Input to
State Stability (ISS) for time delay systems in special
cases. Moreover it is also shown that it has equivalent
characteristics with non-delayed nonlinear systems,
for instance, feedback interconnection of two FDE-
Dissipative systems is also FDE-Dissipative. This pa-
per is finalized with two examples for demonstrating
the effectiveness of the proposed tool via numerical
verifications.



A new Tool for Input to State Stabilization of Delayed System via FDE Dissipativity

References

[1]

[14]

[15]

[16]

T. A. Burton, “Voltera Integral and Differen-
tial Equations,” Mathematics in Science and
FEngineering, Elsevier, second edition edition,
vol.202, 2005.

T. A. Burton, “Stability theory for functional
differential equations,” Transactions of Ameri-
can Math Society, vol. 255, pp.263275, 1979.

R. D. Driver, “Existence and stability solutions
of a delay differential system,” Arch. Rational
Mech. Analysis, vol.10, pp.401426, 1962.

S. Gan, “Dissipativity of #-methods for Non-
linear Volterra Delay-Integro-Differential Equa-
tions,” Journal of Computational and Applied
Mathematics, vol.206, pp.898—-907, 2007.

J. Hale, Theory of Functional Differential Equa-
tions, Springer Publications, 1977.

C.M. Huang and G.N. Chen, “Dissipativity
of runge-kutta methods for dynamical systems
with delay,” IMA Journal of Numerical Analy-
sis, vol.20, pp.153166, 2000.

H. Hulsen, T. Trtiper and S. Fatikow, “Control
System for the automatic Handling of biological
Cells with mobile Microrobots,” Proceedings of
the 2004 American Control Conference, 2004.
I. G. Polushin, A. Tayebi and H. J. Marquez,
“Control Schemes for Stable Teleoperation with
Communication delay based on IOS Small
Gain Theorem,” Automatica, vol.42, pp.905—
915, 2006.

M. Jankovic, “Control lyapunov-razumikhin
functions and robust stabilization of time de-
lay systems,” IEEE Transactions on Automatic
Control, vol.46, pp.10481060, 2001.

X. Jiao, T. Shen, Y. Sun, and K. Tamura,
“Krasovskii functional, razumikhin function
and backstepping,” In 2004 International Con-
ference on Control, Automation, Robotics and
Vision, pp. 12001205. IEEE, December 2004.
H. K. Khalil, Nonlinear Systems,Prentice Hall,
2002.

N.N. Krasovskii, Stability of Motion. Stanford
University Press, 1963.

F. Mazenc and P.A. Bliman, “Backstepping de-
sign for time-delay nonlinear systems,” IFEFE
Transactions on Automatic Control, vol.51,
pp-149154, 2006.

S.K. Nguang, “Robust stabilization of a class of
time-delay nonlinear systems,” IEFE Transac-
tions on Automatic Control, vol.45, pp 756762,
2000.

R. Ortega, A. Loria and R. Kelly, “A Semiglob-
ally Stable Output Feedback PI°D Regula-
tor,” IEEE Transactions on Automatic Control
for Robot Manipulators, vol.40, pp.1432-1436,
1995.

P. Pepe and Z. P. Jiang, “A lyapunov-krasovskii
methodology for iss of time delay systems,” In

245

Proceedings of the IEEE Conference on Deci-
sion and Control, pp. 57825787, December 2005.
I. G. Polushin, A. Tayebi and H. J. Marquez,
“Control schemes for stable teleoperation with
communication delay based on ios small gain
theorem,” Automatica, vol.42, pp.905915, 2006.
Andrew R. Teel, “Connections between
razumikhin-type theorems and iss nonlin-
ear gain theorem,” I[FEFE Transactions on
Automatic Control, vol.43, pp.960964, 1998.
H.J Tian, “Numerical and analytic dissipativity
of the #-method for delay differential equation
with bounded variable lag,” Journal of Biffur-
cation and Chaos, vol.14, pp.18391845, 2004.
L. Wen and S. Li, “Dissipativity of volterra func-
tional differential equations,” J. Math. Anal.
Appl., vol.324, pp.696706, 2006.

[19]

[20]

Adha Imam Cahyadi was born
in Jakarta Indonesia in 1979. He
got his bachelor degree with first class
honor from Electrical Engineering De-
partment, Gadjah Mada University, In-
donesia in August 2002. Later he served
some industrial companies such as Mat-
shushita Kotobuki Co. as a research en-
gineer and Halliburton Energy Services
as a maintenance logging engineer. In
March 2003 he was granted a scholarship
from the JICA/AUN SEED-Net to continue his master degree
at the Department of Control Engineering, King Mongkut’s In-
stitute of Technology Ladkrabang (KMITL), Bangkok, Thai-
land. He earned the master degree with Outstanding predicate
in 2005. In 2008 he got his Ph.D from the Unified Graduates
School of Science and Technology, Tokai University, Japan. He
is now with the Diploma Program of Electrical Engineering,
Vocational School, Gadjah Mada University, Indonesia as ju-
nior lecturer. His research interests including stabilization of
delayed systems, teleoperation systems design and control, and
teleoperated mobile robotic systems.

Yoshio Yamamoto was born in 1958.
He obtained his B.Eng and M.Eng de-
gree, both from Tokyo University,in
1981 and 1983, respectively. He joined
Furukawa Electric Co. Ltd. as a R&D
| engineer and earned M.Sc in computer
science and Ph.D. from Columbia Uni-
versity, USA in 1989 and from Univer-
sity of Pennsylvania in 1994, respec-
tively. In 1994 he joined Ibaraki Uni-
versity as a research associate, and then
moved to Department of Precision Engineering of Tokai Uni-
versity as an associate professor in 1998 where he currently is a
professor. His research interests include coordination and con-
trol of wheeled mobile manipulator, outdoor navigation of au-
tonomous mobile robots, applications of haptic interface, and
applications of giant magnetostriction materials.




