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Abstract: In this paper, the problem of time varying telecommunication delays in passive teleoperation systems is addressed. The
design comprises delayed position, velocity and position-velocity signals with the local position and velocity signals of the master and
slave manipulators. Nonlinear adaptive control terms are employed locally to cope with uncertain parameters associated with the
gravity loading vector of the master and slave manipulators. Lyapunov-Krasovskii function is employed for three methods to establish
asymptotic tracking property of the closed loop teleoperation systems. The stability analysis is derived for both symmetrical and
unsymmetrical time varying delays in the forward and backward communication channel that connects the local and remote sites.

Finally, evaluation results are presented to illustrate the effectiveness of the proposed design for real-time applications.
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1 Introduction

Over the past decades bilateral teleoperation control
technology has been attracted by many researchers around
the world, see for example, [1-25, and many others]. The
main goal in most reported control mechanism for teleop-
eration systems is to ensure stability and transparency of
the whole closed loop system in the presence of time delay.
These results can be broadly classified into two categories as
passive and nonpassive teleoperation systems. The control
system for nonpassive teleoperation can be found in [1—4].
Polushin et al.l"'2 developed teleoperation systems in the
presence of nonpassive human and environment input forces
under symmetrical time varying delay. Small gain theorem
was employed to show the position and velocity synchro-
nization errors between master and slave manipulators pro-
vided that the human and environment input forces are
bounded. Most recently, authors in [3,4] have introduced
control methods for nonpassive bilateral teleoperation sys-
tems in the presence of unsymmetrical time varying delay.
The stability analysis of these methods was based on using
strict linear matrix inequality. Control mechanisms for pas-
sive teleoperation systems have been extensively studied by
many researchers, see for example, [5—25]. Historical sur-
vey and comparison with different teleoperation control al-
gorithms can be traced from [5,6]. Classical teleoperation
schemes using passivity theorem and scattering approach
have been proposed in [7—11]. Li and Song!*? developed
virtual environment modeling and correction technique for
force reflecting teleoperation with constant time delays.
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Authors in [13] developed a control scheme for Internet
based teleoperation systems using wave variable approach
under time varying delays. Bate et al.[*4] proposed con-
trol mechanism to reduce the reflection from wave based
passive teleoperation systems. The stability analysis for
wave variable method introduced in [12—14] was established
for the single degree of freedom (DOF) linearized master
and slave manipulators. Alise et al.['?] extended such wave
variable mechanism to multiple-DOF systems. In [16, 17],
authors presented teleoperation systems in the presence of
time varying communication delays. Lee and Spong!*®! have
presented proportional-derivative control scheme for passive
teleoperation systems for position coordination of the mas-
ter and slave manipulator. Authors in [19] have showed that
the stability condition established in [18] can be obtained
by using only delayed position signals based teleoperation
system. However, the control design parameters require to
satisfy specific conditions to ensure closed loop stability of
the closed loop teleoperation system. Lee and Huangm]
developed passive set-position modulation framework for
Internet based teleoperation systems with time varying de-
lay. In [21], authors presented adaptive tracking system
for uncertain nonlinear systems with time varying delays
and unmodeled dynamics by using radial basis functional
networks.

We can notice from the structure of the delays that most
reported passive teleoperators are based on the assumption
that the time delays are either constant or time varying
nature. Moreover, the time delays in passive designs are
assumed to be of symmetrical nature which may not be
realistic in bilateral teleoperation applications. In practice,
however, the data packet delays, i.e., the time required for
the data packets to reach the remotely located sites and
data packet returns to the local sites may be of unsymmet-
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rical nature which varies with respect to the network load,
number of the traversed nodes and distance!® 4 22

In this paper, we address the stability problem of passive
teleoperation systems under symmetrical and unsymmetri-
cal time varying delays. The teleoperators are designed by
coupling local and remote sites via delaying position and
position-velocity signals of the master and slave manipu-
lators. The input algorithms also combine local position
and velocity signals with nonlinear adaptive terms to cope
with the parametric uncertainty associated with the grav-
ity loading vector. In our first design, we introduce passive
teleoperation systems under symmetrical time varying de-
lays. In second design, we develop teleoperators depending
on unsymmetrical nature of time varying delays. Lyapunov-
Krasovskii function is used to analyze the asymptotic track-
ing property of the closed loop teleoperation systems. These
stability properties are illustrated by conducting simulation
studies on a 2-DOF master-slave teleoperation systems.

The rest of the paper is organized as follows: Sec-
tion 2 describes the dynamics of the teleoperation system.
Sections 3 and 4 introduce teleoperation strategies under
symmetrical and unsymmetrical time varying communica-
tion delays. A detailed convergence analysis is also given in
Sections 3 and 4. Simulation example is presented in Sec-
tion 5. Finally, Section 6 concludes the paper.

2 Model dynamics

2.1 Master and slave manipulator dynam-
ics

Let us first consider the equation of motion for n-links
master and slave manipulators with human and environ-
ment input forces

Mo (gm)dm + Cm(gm, Gm)dm + Gm(qm) = Tm + Fn (1)
MS(qS)qs + Cs(q57 QS)QS + Gs(qs) =7 — Fe (2)

where m and s represent the master and slave systems re-
spectively, Gn € R", ¢gn € R", ¢gn € R" and §s € R",
gs € R", g € R" are the joint acceleration, velocity and
position, M,,(gm) € R™"™ and M,(¢s) € R™™" are the
symmetric and uniformly positive definite inertia matrices,
Cri(Gm,Gm)gm € R™ and Cs(gs,qs)gs € R™ are the cori-
olis and centrifugal loading vectors, Gm(gm) € R"™ and
Gs(gs) € R™ is the gravitational loading vector, 7,, € R"
and 75 € R"™ are applied control input vector, and Fj, € R"
and F. € R" denote the operational torque applied to the
master by human operator and environmental torque ap-
plied to slave manipulators, respectively. The teleoperation
systems (1), (2) can be written as

Gm = Mrzl(qm) [Tm + Fy — Cm(qmv qm)qm - Gm(qm)}
Gs = M7 (gs) [1s = Fe — Cs(s, ds)ds — Gs(gs)] - (3)

Throughout our stability analysis, we will use the
following dynamical property of master and slave
manipulators[23] . )

Property 1. The matrices M (gm) — 2Cm (gm, ¢m) and
M, (¢s) — 2Cs(gs, gs) are skew symmetric.

Property 2. The mass matrices M (gm) and Ms(gs)
are the symmetric, bounded and positive definite satisfying
the inequality ||[Mm(gm)| < Bm and ||Ms(gs)|| < Bs with
Bm > 0 and Bs > 0.

~ Property 3. If the signals ¢ and §s are bounded, then
Cm(Gm,Gm) and Cs(gs, ds) are bounded.

2.2 Interaction forces between human-
master and between slave-environment

The interaction forces between human and master and
between slave and environment play a significant role to
achieve desired transparency and stability of the closed loop
teleoperation systems. These forces can be modeled as a
second-order mass-spring-damper systemm]. It is also pos-
sible to use simpler models to estimate interaction forces,
such as, pure stiffness or dampening—stiffness[25]. In this
work, the interaction forces are estimated by using spring-
damper systems as [4, 18—20, 22, 25]

Fg = Ssqs + Dsds (5)

where S, € R"*"™ and D,, € R"*" represent stiffness and
damping constant matrices for the human operators and
Ss € R™™ and D, € R™*" defines stiffness and damping
constants matrices for the remote environment.

3 Algorithm design and stability anal-
ysis

In this work, we design two control strategies for passive
teleoperation systems and analyze their stability proper-
ties in the presence of symmetrical and unsymmetrical time
varying telecommunication delays. In our analysis, the data
transmission delays in the forward communication channel
from master to slave platforms and backward communica-
tion channel from slave to master platforms are defined as
~Yam (t) and vqs(t), respectively.

We first consider that the time delays in forward and
backward communication channels are symmetrical as
Yam(t) = ~as(t) = 74(t). The input for the systems (3)
is then designed by comprising delayed position signal with
the local position, velocity and adaptive control term for
gravity compensation as

T = —Kpm (gm — ¢s(t = 7a(t))) — Kpmm + G (gm)

Ts = KPS (qm(t — ’Yd(t)) - QS) - KDsq.s + GS(QS)

95 - _an(qs)qs (6)
where Kpm > 0, Kpm > 0, Kps > 0, Kps >

0. Y(gmlo = (Gnlan) = Gmlam)). Yel@)ls =
(Ga(a) = Gula), O = (b —0m), 0 = (0. —01),

T € R™™ and I's € R°*® are the positive definite con-
stant matrices. The control scheme (6) is depicted in Fig. 1
with Yam (t) = vas(t) = 7a4(t). Parameter adaptation mech-
anism given above may cause discontinuous property in the
parameter estimates even after parameter converges to the
actual one. To ensure that the parameters 6, and 0; re-
main bounded over the given compact sets 0,, € 2, and
s € Qs, a projection algorithm can be used to limit the pa-
rameter estimates. For this, we define €2,,, and 5 such that
Qm C QO and Qs C Qs with Q. = {Tmi < Omi < Ymi}
and Qs = {xs < 05 < ysif. We also define Qs,, and
Qés as Qém = {xmz - 5m < emz < Ymi — 5m} and
Qss = {Tsi — ds < 05 < yYsi — s} where §,, and I, are
chosen such that Qm C Qsm and Qs C Qss. Then, the pro-
jection of the parameter adaptation rule can be written as

0, = Proj(ém, ®,,) and 0, = P7"oj(6757 d,) with
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Fig. 1
and unsymmetrical case Yam (t) # vas(t)

Dp®pi, if 2pi < Opi < yri or
if élﬂ > yri and Pp; <0 or
[Proj(ék, D) = if Op; < i and g =0
Fki)ki, if é}m > Yk, and Pr; >0
Fki)ki, if é}m < xp; and Pp; <0
(7)
where ®y; = [1 + y“(;;e’“'i} i, Py = [1 + —eki;f’”] Dy

and ®y; is the i-th element of the column matrix —Y5 (qx)dx
with k = m, s. Using (6) and (3), the closed loop teleoper-

ators can be represented as
Do o] (8)
q.s :M‘:l(QS)[KPSQm(t - 'Yd(t)) - KPSQS - KDSQS_

Cs(gs, qs)ds + és(qs) — Gs(gs) — Ssqs — Dsgs]. (9)

To derive the stability condition for the systems (8) and
(9), we consider the following Lyapunov-Krasovskii func-
tional

V=Vi+Vat+Vs+ Vs (10)

with

Vi =G Mo (Gm )G + G Ms(qs)ds

t

Vo =Aq4 /
(t=va(t))

t
M/
(t—=va(t))
Vs =Kpm (Qm - qS)T (Qm - QS) + qu;l;qm + Ssngs

G (1) G (n)dn+

ds (1)ds(n)dn

where Aq = m with |Ya(t)] < ¢ < 1. We now take

the derivative (10) along the trajectories of the closed loop
teleoperation systems (8), (9). Then, we apply Property 1,

adaptive control laws 6,,, and 0, along with projection mech-

Control scheme for bilateral teleoperation systems with delayed position signals for symmetrical case Yam (t) = vas(t) = va(t)

t

anism (7), Kpm = Kps and the following inequalities
i < i + [

t
27 /
(t—74(1)) (t—=vq(t))

t t
2js / dm (n)dn < 44 ds + / G (1) (1) .
(t—va (1)) (t—va (1))

ds (1)ds(n)dn

(12)
V can be simplified as
V < = Kimdmm — Lsds 4s — ods (t—ya(t))x  (13)
Gs(t = Ya(t)) — o (t — va(t))dm (t — va(t))+
t
Kpm / §T () s () + K pmx
(t=~a(t))
t
/ G2 () dm () (14)
(t—=va4 (1))
where K, = (QKDm +2D,, — Ad — [(pm)7 Ls =

(2Kps +2Ds — Ag — Kpm) and 0 = Ay (1 — ). Let us now
first apply Schwartz inequality on the last two terms and
then use the bound on the time varying delays. Then, we
can write V' in the following simplified form

V < = KmlmGm — Lsds ds — oda (t — va(t))ds(t — va(t))—

odm (t = ~7a(t))gm (t — 7a(t)) + KpmAax

‘/(t_'Yd(t))

t

‘/(t_'Yd(t))

where |y4| < Aq. Taking the integral from zero to time T,
V leads to

G (1) " G (1) d7) 4+ K prAa X

ds(m) " ¢s(n)dn (15)

T T
V(T) - V(0) < — Icm/ G Grdt — Ls/ de gsdt—
0 0

o / G7 (t — ya())ds (t — ya(t))dt—
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T
- / G2 (t — 5a(t))iom (t — va(t))dt+
[0)
T t T
0 (t—=va4(1))

T t
KA / / s (1) " s (m) . (16)
0 (t—v4(1))

We again apply Schwartz inequality for the last two
terms and then the bound on V can be calculated
as V(T) = V(0) < —nmlldmll3 = nslldsllz — ollgm(t —
Ya®))I3 — o llds(t —va(®) |13 with 1 = (K — KpmAZ) and
ns = (Lo — KpmAZ). This implies that (¢m,ds, Gm(t —
Ya(t)), ds(t = 7a(t))) € L2 and (Gm., Gs, Gm (¢ — va(t)), ds (t —
'Yd(t)),Qm - qsaqs - (jmanMISan — (4s,(qs — Qm) € Lo. To
show the bound on the two terms (gm — gs(t — v4(t))) and
(gs — gm(t — va(t))), let’s first write them as

t
(4 — 02) + /
(t—~q(t))

t
(45— qm) + / o (). (18)
(t=vq(t))

gs(m)dn (17)

Using Schwartz inequality, the bound for the terms

t . t . .
f(tim(t)) qml(n)dn and f(tflvd(t)) Gs(n)dn can be manipu-
lated as AZ||gml|l2 and AZ]|¢s|l2. Since gm and g are
bounded, then we have (gm — ¢s(t —v4(t))) € Lo and
(gs — gm(t —v4(t))) € Loo. In view of our above analysis,
Property 2, Property 3, the boundedness property of the
parameter estimates from projection mechanism (7) and in-
variance theorem[%], we can conclude that, for the given ¢,
there exists Kpm = Kps, Kpm and Kps such that the po-
sition, velocity and tracking error between master and slave
manipulators in (8), (9) with passive input (4), (5) under
symmetrical time varying delays are asymptotically stable.

We now design bilateral teleoperation systems where the
forward and backward data packet delays are not symmet-
rical nature as ygm(t) # 74s(t). The input algorithms for
the systems (3) are designed as

Tm = — Kpm (qm - QS(t - 'YdS(t))) - Kqum + ém(qm)
7o =Kps (qm(t = Yam(t) = ¢s) = Kpsds + Gs(gs). (19)

The control scheme (19) is shown in Fig. 1 with vgm (t) #
~as(t). Using (3) and (19), the closed loop teleoperators
under unsymmetrical time varying delays can be derived as

Gm =My (@) [KPm s (t = Yas(t)) — Kpm@m — KDmm—
Con(Gms Gm ) dm + G (gm) — G (Gm) — SmGm—
Dimm]

Gs =M (qs)[KPsqm(t — Yam(t)) — Kpsqs — Kpsds—
Cs(qs, 4s)ds + Gs(gs) — Gs(gs) — Ssqs — Dsgs]. (20)

To analyze the convergence property of the teleoperators
(20), let us use the following Lyapunov-Krasovskii function

V=Vi+Vat+Vs+Vs (21)

where

Vi = Mo (g )dm + 45 Mis(gs)ds

t
Vs =Aam / 6% (1) dom (m)
(t=~Yam (t))

t
Aas / g2 (1)ds(n)dn
(t—vaa (1))

Vs =Kpm (qm - QS)T (qm - QS) + Smg;rnqm + Ssngs
Vi =050 0m +0.7.10,
where Adm m and Ads m with

[Fam ()] € sam < 1 and |[Yas(t)] < cas < 1. Using the
Property 1, (20), adaptation laws with projection mecha-
nism (7), Kpm = Kps and the following inequalities

t

t
27 / 0T ()dn <GEm + / 0T (n)ds (n)dn
(t—vas(t))

(t—vas(t))
t t

245 / G (n)dn <45 ¢s + / G (1) Gon ().

(t=Yam (1)) (t=Yam (1))

(22)
V can be represented as
v <= ’Cmuq;zq'm - Csudqus - UmsqST(t — Yas(t)) x
Gs (t = Yas () = Tmution (t = Yam (£)))gm (t = yam (1)) +

t t
/ ds (m)ds(n)dn + / Gom (1) dm (n)dn
(=74 (8)) (t=vam (£))

where ’Cmu = (QKDm + 2Dm - Adm - KPm)7 [fsu -
(QKDS + 2Ds - Ads - KPTTL)y Oms = Ads (1 - gds) and
Omu = Aam (1 —Gam). We now use Schwartz inequality

on the last two terms and then take integral from zero to
time ¢t = T. Then, V can be written as

T T
0 0

V(T)-V(0) < —~Komu 4s gsdt—

Oms /0 GE (= yas (8)) s (t — Yas (8))dt — Omu X
/T G (t = Yarm (£))dm (t — Yam (£))dt + K pm Ada X

T t
[t anmndis Ko Ao
0 J(t=vam(t))

T t T
/ / ds(n) " ds(n)dndt
0 Jt—vas )

with |Yam| < Ada and |vas| < Asa. Applying Schwartz in-
equality on the last two terms, V can be simplified further
V(T) = V(0) < = nmulldgmll3 = omalldim (£ = vam (£)) 15—

Nsulldsll3 = oms llds (¢ = vas (8)|12 (23)
where Ny = (lCmu—KpmAia) and nsy = (Esu_KPmAga)-
This implies that (¢m, gs, gm (t — Yam (1)), s (t — 7as(t))) €
Lo and (G, Gs, Gm (t — Yam (1)), ds(t — yas(t))) € Loo. We
can also show the bounds on the terms (¢gm — ¢s(t — vas(t)))

and (gs — gm(t — vam(t))). To show that, we first rewrite
the term (gm — qs(t — 7a4s(t))) as

t
(gm — @) + / 4s(n)dn (24)
(t—7as(t))
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and the term (gs — gm(t — vam(t))) as
Gm (1)dn.

t
(¢ — qm) + /
(t=Yam (t))

In view of Schwartz inequality, we can obtain the bound
1
t . t . 5 .
on f(t—lvdmm) gm(mdn and fi, ) ds(m)dn as Ao llgm|2

—7as(t))) € Loo
Then, applying invari-

(25)

and A2, ||¢s||2 imply the bound (qm — gs (¢
and (¢s — gm(t —vam(t))) € Loo
ance theorem[26], Property 2 and Property 3 along with the
parameter projection mechanism (7), we can conclude that
the position, velocity and tracking error between master
and slave manipulators converge to zero as the time goes to
infinity.

4 Teleoperation system with delayed
position and velocity signals

Let us now design teleoperation systems by coupling local
and remote sites by delaying position and velocity signals
of the master and slave systems. The input algorithms for
the systems (3) with symmetrical time varying delays can
be designed as follows

= — Kpm (Gm — 4s(t —va(t))) + Gm (gm)—

Kpm (qm - (Is(t - 'Yd(t))) — (mdm
7s =Kps (Qm(t — ’Yd(t)) - QS) - KPSQS + és(Qs)_
Kps (gs = qm(t — 7a(t))) — Csgs (26)

with ¢ > 0 and s > 0. The implementation block dia-
gram of the control scheme (26) is presented in Fig. 2 with
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For the convergence analysis of the teleoperation systems

(27), (28), let us employ the following Lyapunov-Krasovskii
function
V=Vi+Va+Vz+Vi (29)

with

Vi = Min (¢m ) m + 45 M (4:)ds

K T K T
“Aa [ qhandn+An [ )
(t—=va(t)) (t—=va(t))
Gs(n)dn
V3 :KPm (qm - QS)T (qm - qs) + qug;,qm + Ssqzqs

Vi =051, 0, + 057716,

where Adl = % and Adg = W USlng KPm =
Kps, Kpm = Kps, adaptive control with projection mech-

anism (7), Property 1, (12) and

20 s (t — Ya(t)) <dmm + Ga (t — va(t))da (t — va(t))

242 G (t — Ya(t)) <42 ds + o (t — Ya(t))gm (t — va(t)).
(30)

The time derivative of (29) along the trajectories
of (27), (28) can be simplified as V(T) — V(0) <
—7pml|gm||3 — 7ps|ds|lz2 with 7pm = (Kpm + 2Dm +
KPmAi + Cm - Adl - KPm) and TDs = (KDm + 2Ds +

Yam(t) = 7vas(t) = ~a(t). The closed loop teleoperation KpmA2 — Ags — Kpn). This implies that (gm,ds) €
systems with input algorithms (26) can be formulated as L2 and (gm, @ss §m, s, dm — dss ds — Gm, Gm — Gs, §s — gm) €
Lo. Now, we need to show the bounds on the terms
. a1 . . . oo 5
dm =M,, (Qm)[KDmQS(At 'Yd( )) KPQO KDQO (Qm _ QS(t _ 'Yd(t))) and (QS _ Qm(t _ 'Yd(t))) from the fol-
Crm(qmy Gm)dm + Gm (qm) ( m) — SmGm— lowing relationship
Gs :Mgl(QS)[KDsq'm(t —va(t)) — KDsqs Kpsqs— (Gm — gs) +/ gs(m)dn (31)
N A . (t—a(t))
Cs(qs, 4s)ds + Gs(gs) — Gs(gs) — Ssqs — Dsds+ t
Kpsqm(t —va(t)) — Csqs). (28) (¢s — 4m) + / Gm (1)dn. (32)
(t—=a ()
94 YD) +: PD
E (KP Kow)
1,4, : {
—= Adaptive q, ) he
F, l & F
L Master Telecommunica- an Slave -
manipulator a5 o tions network 4, | manipulator I
o q, Adaptive
FD = a4,
(K;-m' Knu.} Q_O:'_ a0

Fig.2 Control scheme for bilateral teleoperation systems with delayed position and velocity signals for symmetrical time varying delay
Yam (t) = Yas(t) = va(t) and unsymmetrical time varying delay Yam (t) # vas(t)
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Schwartz  inequality, we can  write

1
Gs(n)dn as A& ||Gmll2 and

Applying
fé;m(t)) G (m)dn and fi, )
AZ||Gs]|2. This implies that (Gm — ¢s(t — va(t))) € Loo and
(gs — gm(t —va(t))) € Loo. From (17) and (18), we also
have (gm — qs(t —7a(t))) € Loo and (gm — ¢s(t — 7a(t))) €
Loo. Then, in view of Property 2, Property 3, projection
mechanism for the parameter estimates (7) and invariance
principle!?®!| we can conclude that the position, velocity
and tracking error signals in the closed loop teleoperators
(27), (28) are bounded and asymptotically converge to zero.

Finally, we design teleoperation systems by delaying po-
sition and velocity signals with unsymmetrical time varying
communication delays as

KPsz( — Yds (t)) CQO
Ts :KDS (qm(t — Ydm (t)) - QS) KPsqs + GA’S(QS)"F
Kpsqm(t —vam(t)) — (sds- (33)
The control scheme is shown in Fig.2 with ~vam(t) #

~as(t). Using (33) and (3), the closed loop teleoperation
systems can be derived as

Gm =My (qm) [KDmds (¢ — yas(t)) —
Con(@m Gm)dm + G (qm) — Gm (gm) — Smm—
Drmgm + Kpms(t — Yas(t)) — Gmdm] (34)

Gs =M (qs) [K Dol (t — Yam (1)) — Kpsds — Kpoqs—
Cs(gs,4s)ds + Gs(gs) — Gs(gs) — Ssqs — Dsgs+
Kpsgm(t —vam(t)) — (sds)- (35)

Now, for analyzing the stability of the closed loop systems
(34), (35), we choose the following Lyapunov-Krasovskii
functional

V=Vi+Vat+Vs+Vs (36)
with
Vi =G Mo (qm ) dm + ds M (gs)ds

t
Vs =Aum1 / 4% (1)
(

t=vam (t))

(m)dn+

t
Ags2 / ds (m)ds(n)dn
(t=as ()

VS :KPm (Q’m - qs)T (qm - QS) + qu'r’Ir‘Lqm + SsquqS
Vi =00 T 0m 4 021710,

T am (0] Fe.@ e
now take the derivative (36) along the trajectories of the
closed loop systems (34), (35). Then, using Kpm = Kps,
Kpm = Kps, (22), adaptation laws with parameter projec-
tion scheme (7), Property 1 and

where Agm1 and Ags2

20m s (t = Yas(t)) <dmm + dr (£ — Yas())de (t — vas(t))
242 Gm (t = Yam () <ds ds + o (t = Yam (£))dm (t — Yam (t))-
(37)

We can simplify the time derivative of (36) as
V(T) = V(0) < —E&amlldml3 — Esslldsll2, where &am =
(KDm + 2Dm + KPmAZQ + Cm - Adml); and €ss -

o

(KDm +2D;s + Kppm A2, + Cs — Adsz). This means that

(Qm;QS) € L2 and (qm7q57qma457q'm — dsyGs — dm,Gm — Gs,
qs — qm) 6 L. Using the relationship (¢m — ¢s) +
Sy s (m)dn and (4o — Gm) + Sty im (m)dn, we

can also show the bound on (¢m — ¢s(t —’yds( ))) € Lo
and (¢s — gm(t — vam(t))) € L. Applying our previous
analysis for (24), (25), it is also possible to guarantee
(@m — qs(t =7as(t))) € Loo and (gs — gm(t —7as(t))) €
Loo. Then, using invariance theorem[%]7 Property 2,
Property 3 and boundedness of parameter estimates from
projection laws (7), we can state that the position, veloc-
ity, tracking error signals in (34) and (35) asymptotically
convergent to zero.

5 Evaluation results

We now show the design and evaluation process of the
proposed control methods on bilateral teleoperation sys-
tems constructed by a 2-DOF master and slave manipula-
tor. For simplicity, we only present evaluation results of the
teleoperation algorithms given in (19). In our evaluation, it
is assumed that the local and remote sites are connected by
Internet telecommunication channel. The motion dynamics
of a 2-DOF master and slave manipulator can be written
as

Mo (gm)Gm 4 Con (Gm s Gm)dm + G (Gm) = Tm + Fr (38)
M;(qs)ds + Cs(gs, 4s)gs + Gs(gs) = 7s — Fe (39)

mi1r M2

where My, (qgm) = {mm —_— }7 Con(gm,qm) =

Fhl _ Fel
F, = {th}’ F. = [Feg} and

:| with m11 = (211 cos q2—|—l2)lgm2+

13 (m1 + ma2), mia = (l2m2 + l1lama cos ga), mo1 = (mal®+
m2l2 cosqg), Mmoo = mglg, C11 = —lllzmz sinngz, Cl2 =
—lilomasingz (¢2 + G1), co1 = lilamasings, c2 = 0,
G(gm1) = gmelasin(q1 +q2) + g(m1+ma)lising: and
G(gm2) = gmalasin(q1 + ¢2). The uncertain parame-
ters for gravity loading vectors are chosen as 0,1 =
mals, Ome = mali and 0,3 = lima. We also consider
that MS(qS) - Mm(Qm), Cm(Qm,Qm) = CS(qS7qS)qS a’nd
Gm(gm) = Gs(gs). The model parameters for master
and slave manipulators are chosen as m; = 15, ma = 5,
lh =1, l2 = 0.5 and g = 9.82. In our first evaluation,
the time varying delays in forward, v4m (t), and backward,
~ds(t), internet telecommunication channels are assumed to
be unsymmetrical nature as yqm(t) = 10 + 0.8sin(¢) and
~as(t) = 5+ 0.5 cos(t). The time history of the time vary-
ing delays are given in Fig.3. The environment and hu-
man input forces are modeled as Fe1 = Ss1¢s1 + Ds1¢s1,
Feo = 552(]52 + D52q527 Frni = ko1 — Sleml - Dmldml;
Fro = koo — szqmg — Dmgqmg with ko1 > 0 and ko2 > 0.
In our evaluation, we consider three different types of
interaction forces between slave and environment. In first
case, the slave manipulators are operating in free space as
Fe1 = 0 and Feo = 0. The parameters for human oper-
ator forces are chosen as ko1 = 10, ko2 = 10, Spm1 = 15,
Sm2 = 15, Dpy1 = 10 and D2 = 20. The control design
parameters are selected as I'y, = Isxs, I's = Isxs, Kpm1 =
KPSI = 107 KPmQ = KP82 = 107 KDml = KDmQ = 150 and
Kps1 = Kps2 = 150. The evaluation results are presented
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Fig.3 Unsymmetrical forward v4m, (t) and backward 45 (t) time
varying communication delays in second
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Fig.4 Position tracking of the master and slave manipulators
in radians with free remote environment space

Second, we consider that the remote slave manipulators
are interacting with soft environment as Ss1 = 2, Ss2 = 2,
Ds1 = 1 and Ds2 = 1. The parameters of the human in-
put forces are chosen as ko1 = 15, ko2 = 15, Sim1 = 15,
Sm2 = 15, D1 = 10 and Dy,2 = 20. The control design
parameters are chosen for this evaluation as I'y, = Isxs,
Fs - I3><37 KPml - KPSI - 107 KPmQ = KP52 = 107
KDml = KDm2 = 250, KDsl = KDSQ = 150. The eval-
uation results are given in Fig. 5 with unsymmetrical time
varying delays as depicted in Fig. 3.

In third case, we apply very hard interaction forces be-
tween remote slave manipulator and environment as Ss1 =
50000, Ss2 = 50000, Ds1 = 1 and Ds2 = 1. Then, we
choose the parameters for human and master interaction
forces as ko1 = 15, ko2 = 15, Spm1 = 15, Spma = 15,
D1 = 10 and Dy2 = 20. The control design parame-
ters are considered as I'y, = Isx3, I's = Isx3, Kpm1i =
Kps1 = 10, Kpma2 = Kps2 = 10, Kpm1 = Kpmz2 = 250,
Kpsi = Kps2 = 150. The unsymmetrical time varying de-
lays are kept similar to our previous evaluation as depicted
in Fig. 3. With these parameters, the design strategy pro-
posed in (20) is applied to the given teleoperation systems.
The evaluation results with very hard contact forces be-
tween slave and environment are shown in Fig. 6.

Let us now repeat the evaluation of third case with un-

symmetrical random time varying delays. For our evalu-
ation, the time derivative of the random time varying de-
lays for the forward and backward communication channels
are chosen as shown in Fig. 7. All other design parameters
are kept similar to our previous case. The evaluation re-
sults are depicted in Fig.8. The sampling time is chosen
as 0.01s. From these results, we can see that the position
and tracking error of the master and slave manipulators are
asymptotically stable in the presence of unsymmetrical for-
ward and backward time varying delays. The asymptotic
stability is also guaranteed in the presence of free space,
soft and very hard interaction forces between remote slave
and environment.
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Fig.5 Position tracking of the master and slave manipulator in
radians with soft interaction between remote slave and environ-
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Fig.6 Position tracking of the master and slave manipulator
in radians with very hard interaction between remote slave and

environment

Remark 1. We notice from our various evaluation
results that the performance with the delayed position-
velocity signal based teleoperator provides better perfor-
mance than the performance achieved under delayed posi-
tion signal based teleoperator. This is mainly because of
the fact that the position-velocity based teleoperator pro-
vides additional damping to the master and slave manipu-
lator ensuring better coordination of the master and slave
manipulator.

Remark 2. Note that the conditions for Kp,, =
Kps can be removed by modifying Vi and Vi as
Vi = gmMu(gm)im + 52240 M(gs)gs and Vs =
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KPm (qm -

qs)" (gm — 4s) + Pt + 522 Paglqs.
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Fig.7 The time derivative of unsymmetrical forward vyam (t) and
backward 7qs(t) random time varying communication delays in
second
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Fig.8 Position tracking of the master and slave manipulator
with random time varying delays with very hard interaction be-
tween remote slave and environment

6 Conclusions

In this paper, passive bilateral teleoperation systems have
been studied with symmetrical and unsymmetrical time
varying communication networks delay. A delayed position
and position-velocity signals are used to couple local and
remote sites via using telecommunication channel. Non-
linear adaptive control terms have been employed locally to
learn and compensate uncertain parameters associated with
gravity loading vector of the master and slave manipulators.
Detailed stability analysis for three different control meth-
ods has been given by using Lyapunov-Krasovskii function
to explore asymptotic convergence property of the closed
loop teleoperators for both symmetric and unsymmetrical
time varying delays. Simulation results have been used to
demonstrate the theoretical development of this paper.
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