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Abstract In this paper, we introduce a new adap-
tive controller design scheme for nonlinear telero-
botic systems with varying time delays where the
delays and their variation rates are unknown. The
designed controller has the ability to synchronize
the state behaviors of the local and the remote
robots. In this paper, asymptotic stability in the
presence of varying time delays is of interest.
Using the proposed controller, asymptotic sta-
bility of the bilateral telerobotic system subject
to any bounded yet unknown varying delay with
a bounded yet unknown rate of change can be
guaranteed. Besides the varying time delay, the
proposed adaptive controller has the ability to
adapt to the parameter variations in the local
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and the remote robots’ dynamics. It is shown that
position and velocity errors between the local and
the remote manipulators converge to the zero
asymptotically, thus ensuring teleoperation trans-
parency. Experimental and simulation results with
a pair of PHANToM haptic devices and a pair
of planar manipulators under varying time delays
in the communication channel demonstrate the
effectiveness of the proposed scheme.

Keywords Teleoperation -
State synchronization - Varying time delay -
Lyapunov—Krasovskii function - Adaptive control

1 Introduction

Using a telerobotic system, a human operator can
carry out tasks in a remote environment. Different
applications of telerobotic systems vary from tele-
surgery to space manipulation. Teleoperation per-
formance is greatly enhanced if haptic feedback
about interaction occurring between the remote
robot and the remote environment is provided to
the human operator through the local robot [1].
Such systems are called bilateral as information
flows in two directions between the operator and
the remote environment [2]. On the other hand, in
telerobotic applications with a distance between
the local and the remote robots, there will be
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a time delay in the communication channel of
the system [3-5]; this time delay in the closed-
loop system can destabilize the telerobotic system
[5-7].

Control schemes have been developed to com-
pensate for the time delay, most of which are
based on the passivity theory. Passivity based
control schemes [12-15] are inspired from energy
interaction between interconnected systems [16].
Anderson and Spong [8] proposed scattering
schemes based on the passivity theory. A simi-
lar passivity-based scheme is the wave variable
formulation for two port networks proposed by
Niemeyer and Slotine [9, 10]. These passivity
based approaches can guarantee the passivity of
bilateral teleoperation systems only for constant
time delays [17].

In most passivity based bilateral teleoperation
architectures, only velocity and force information
is transmitted between the local and the remote
sides [18]. This means that only force and veloc-
ity tracking can be ensured in such architectures,
leaving the possibility that any initial position mis-
match between the local and the remote robots
would lead to a position drift between the robots.
To solve this problem, one can transmit position
information along with the velocity information
through the communication channel [19-21].

The scattering and the wave variable ap-
proaches are the best known methods in the pas-
sivity based control framework, and have been the
subject of recent studies concerning teleoperation
under varying delays. An extension of the scatter-
ing approach to the case of varying time delays is
reported in [11], in which a small positive gain is
added in the communication channel to dissipate
the extra energy generated due to the istorted
scattered signals caused by varying time delay.
The gain should be less than 1 — T, where T is
the instantaneous value of the varying time delay,
such that communication channel remains passive.
Also, an extended version of the wave variable
approach with varying time delay was reported in
[22], in which besides the wave variables, extra
variables are transmitted in the communication
channel to preserve passivity.

Important schemes in passivity based control of
manipulators in the presence of variable time de-
lays include damping injection controllers usually
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referred to as P+d and PD+d [23]. The physical
interpretation of damping injection controllers is
that the interconnection between the remote and
the local manipulators includes virtual dampers
and springs. In damping injection controllers, a
control gain affecting the velocity signals should

have the exact value of v/1 — 7. Although the-
ses controllers guarantee asymptotic stability of
velocities and position errors and are robust to
time varying delays, their stability condition is not
delay-independent and they are sensitive to rapid
changes in delays. This is due to the variable gain

V1 — T, which depends on the time derivative of
the delay [23].

Another interesting and recent topic in
passivity-based analysis of telerobotic systems is
the synchronization-based approach [24-26]. In
synchronization-based schemes which its appli-
cations on bilateral teleoperation were studied in
[24], all states including positions and velocities of
local and the remote robots act synchronously.

In this paper, a new controller is proposed
to guarantee asymptotic stability of the bilateral
teleoperation system. The delay-independent pro-
posed controller is an extension of the controller
in [26] to the case of time varying delays and is
able to synchronize the behavior of the local and
the remote robots in the presence of unknown
varying time delays in communication channel.
In this paper, synchronization means asymptotic
state (joint angle) tracking between the local and
the remote robots. The proposed adaptive con-
troller is able to guarantee state synchronization
between the local and the remote robots in the
presence of unknown varying time delays with
unknown rates of variation. To use this controller,
there is no need to know the robots parameters
exactly; only estimations of the robots parameters
are used in the controller. The controller parame-
ters will change adaptively to guarantee the zero
convergence of the tracking errors under robot
parameter variations.

This paper is organized as follows. Section 2
concerns that tele-manipulator dynamic model
while the controller design is presented in
Section 3. In Sections 4 and 5, simulation and
experimental results demonstrate the efficiency of
the proposed controller followed by the conclu-
sions presented in Section 6.
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2 Tele-Manipulator Dynamic Model

The local and the remote manipulators can be
modeled by the following nonlinear equations:

Mign g+ Ci(q,q)q+ Gi(q) =t —1u
Mr (Qr) Ejr + Cr (qra qr) (,'], + Gr (Qr) =T — T (1)

where ¢;, ¢; and §; for ie{r, [} are the joint po-
sitions, velocities and accelerations of the local
and the remote robots, respectively. Also, M;(g;),
Ci(qi,q)) and Gi(q;) are the inertia matrix, the
Coriolis and centrifugal term and the gravitational
force respectively, 7; and 7, are control torques for
the local and the remote robots, andr, and . are
applied torques from the human operator and the
environment sides respectively.

Some important properties of the above non-
linear dynamic model are [27, 28]:

1. For a manipulator with revolute joints, the
inertia matrix M;(g;) is symmetric positive
definite and has the following upper and lower
bounds:

0 < Amin (M) I <M, (i) < AMax (M) I <00

where [ stands for identity matrix

2. For a manipulator, the relation between the
Coriolis/centrifugal and the inertia matrices is
as follows:

M; (q:) = Ci (g1, ¢) + CF (qi, 4

3. For a manipulator with revolute joints, there
exists a positive number 7 bounding the
Coriolis/centrifugal termas follows:

|Ci (qi, 4i) Gil < nd?

4. The nonlinear manipulator dynamics could be
linearly parameterized as follows [28]:

M; (qi) Gi + Ci (i, 4i) qi + Gi (q:)

=Y (i qi, ) 6;
where Y; is a matrix of known functions of
the generalized coordinates and their higher

derivatives and 6; is a vector of the manipula-
tor dynamic parameters.

3 Control Design

In this part, the proposed controller to cope with
varying time delays in a telerobotic system is pre-
sented. Since the model and consequently the dy-
namic equation of the system is uncertain. So, the
estimates of the robots’ dynamics are employed in
the controllers 7; and t,.

The controllers 7; and 7, in Eq. 1, are defined
as follows

u=—M (q) épl_él (q1, q1) epl_Gl gD+
T = Mr ((Ir) épr"'ér (Qra qr) epr+é;l (ql)_?r (2)

where " represents estimates of the remote and
the local manipulators parameters and T; for
ie{l, r} are the new control signals. Also, e, and
e,r, which are position errors in local and remote
sides, are defined as

ep = qr(t— T (1) — qu(t)
epr = qi(t—Ti (1) — q,(1) (3)

where T(¢) is the delay in the feedforward path
and T5(¢) is the delay in the feedback path. The
overall scheme of teleoperation with varying time
delay is shown in Fig. 1.

We proposed to define the new control signals,
i.e., T; and 7,, as follows:

K 1. 1
& — Z€p — =€,
1€] 2 pl ) [
T( . _
_ el (ep + ép — ew)
=y - r P &l lell, #0
2 lefll3
0, lleill, =0
1. 1
K e — Eepr - Eeur
il T A ) N A
rs r
2 lle/ll3
0, e, =0
4)

where K; for ig{l, r} is a positive definite matrix
and |. [, denotes Euclidean norm. Also, é,; is
the time derivative of position error ep;, and e,;
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Fig. 1 The closed-loop
teleoperation system

under varying time delays
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(velocity error) and ¢; for ie{l, r} are defined as
follows:

e,-éc'],-—ep,- ie{l,r}
en=q,(t—To 1) —q
ew =41 (t— T\ (D) — g, S))

Note that because of the variation of time delays,
the velocity error e,; and the derivative of the
position error é,; are not the same.

Combining Egs. 2 and 1, the closed-loop system
equations are found:

M (q) ér+ Ci(qi, q1) &
= —Mj () ép—Ci (ar. 4 ep— Gy (an—T1+
M, (q0) & + Cr (qr. 4r) &
= _Mr (gr) épr_ar (Grsqr) epr— ér @) —T,—7e
(6)
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where ~ represents the estimation error in the ma-
nipulator parameters, e.g., ]VIi =M, — Mi, a =
C,' — 61‘, and ’éi = G,‘ — @i for ie{l, r}.

Using the fact that the equations of robot mo-
tions are linear in their parameters (Property 1V),
let us define the regressor matrix Y; and the
parameter vector 6 such that the nominal robot
dynamics can be written as

M(@é+Cq. e+ G(@=-Y(q.q,e.&)0 (7)

Equation 7 can be achieved from Property IV via
replacing ¢ with é and the exterior ¢ in C (q, ¢) ¢
with e and then negating Y.

Using the above linearity property, we have

~

Yi (qis is €pis €pi) 6;
= —M; (q) épi—a’ (i qi) epi— Gi(q), ie{l,r)
8)
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where 5, =0, — @: and the regressor Y(q;, qi,
epi, €p)) is a matrix whose elements are known
functions of the generalized coordinates, deriva-
tives of generalized coordinates, position errors
and velocity errors. It is possible to find the fol-
lowing closed-loop dynamical equations from the
above.

M (q) &+ Ci(q, q) &
= Y1 (q1. G1, ept. €p1) 0 — T+
M, (qy) &+ C, (7, Gr) &

= Yr (Qra "Ih epra q.pr) 5}’ - ?r — Te (9)

Now, we introduce the following adaptive update
low for manipulators parameter estimation to be
used in conjunction with the controllers (2):

0 =Y erie (I 1) (10)

In the following, we analyze the stability of the
system in the sense of Lyapunov.

Theory I In free motion (7, = 7, = 0), the bi-
lateral tele-manipulator (1) with the controller
(2)-(5) is asymptotically stable in the sense of
Lyapunov. Also, g; converges to a constant value,
and the position error e,; and the velocity error
e, converge to zero for any bounded varying
time delay with a bounded time derivative. Here,
iefl, r}.

Proof To study the asymptotic stability in the
sense of Lyapunov under varying time delays in
the communication channel, we use the following
Lyapunov—Krasovskii functional:

1! T 1 [f T,
V= —/ q/ qudr + —/ qlgdt
2 Ji-r0 2 )i

~ ~ 1
+ = Z [ I Miei—f-GiTF_lGi—f-Ee;ie,,i} (11)

ie{r,l}

where T" is a positive definite matrix. The time
derivative of V is

1
V= Z |:—8TM8, +8TM£, +9T1" 19 + 2ep,ep,]

ie{rl}
1 1 .
+5mafmaw—§U—Toma—TmmT@
1
x(r—Tuoy+EquTqmo

1 L .
=5 (1=T2) 4, (= To)" ¢ 1 = To0) (1)
Using Eq. 9, we can simplify V as

V= Z |: TMSL'—I-SZ-T{—C,'SZ'-I- Yl‘gi—?,‘}

ie{rl}
1 . .
+ 6T~ g, —|—2 p,ep, +§q1(l) q (1)

1 .
—=(1=T)q—Ti )" q - T @)

N = N

1 .
+ﬂANmm—§U—BMm—B®V

X 4y (t — T (1) (13)

Using the following skew-symmetry property,
which is equivalent to the property II,

T'(Mi(g) —2Ci(gi,G))x=0 VYxeR" (14)

and after some simplifications, we get:

1 ~ i
—e] Me;+¢] {—Ciei + Yifi — 7} + 67776,

56
—HT{YTa + T~ 19}—8 T (15)

To simplify the right-hand side of Eq. 15, we
introduce the following adaptive rule

5,‘ = —FYiT{;‘i (16)

With the assumption that the variation of un-
known parameters 6 is slow, we get 6 =—0, and
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the above adaptive rule for parameter updates
becomes

0 =TYe (17)

which is same as Eq. 10.
Using the above, it is possible to simplify a4V, as
follows:

L. .
V= Ej[em+2ph4+§mmem

ie{rl}
1 .
=5 (L=T) Gt =Te®) Gt = Ti (1)
+1quqm—1U—T)
2 r r 2 2
< Gy (t = Ta(t))" G (¢t — To(0)) (18)

Using the definition of 7; in Eq. 4 and after some
manipulations, we get

1 . 1
V= Z |:—8iTK,'8,' + EeiTep,- + Esl-Tevl-

ie{r,l}
1 T . 1
+ Eevi (epi + epi — evt) + = 5 plept
R D .
+35a @ a = (1 =T)a =T @)
. 1o
xq (t—T, @)+ 7 0" qr (0

1 .
=5 (1=1) 4 t=To®)" g, (=To(0)  (19)

Applying the following relationships

1 1
ymﬂmm—ima—nmﬂma—um>
1
=-3 Tew—ar " ey (20)
| 1, .
50 0" 4r 0 = 24t = TiO)" 41 (t = T1 ()

qr 07 ey (21)

1
=5 e Cor —

21}7
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it is found that

. 1 . 1
V= Z |:—8iTK,‘8,‘ + EsiTepi + zsiTevi
ie{rl}

1 : 1
+ 583; (epi +epi — evl) 2 plepli|

1
2 u[evl - QI (t) €yl

1.
+5nma—Tmmea—Tmm

—elen —aq O ey

21)"

1.
+EBmU—TﬂmeU—BUD (22)

Considering the time derivatives of the position
errors, e, and é,,, as follows

dlepr)  d
S = L= T @) ~ 4, 0)

d
= (1 - (T, (t))) (=T @) —q, ()
t
=q =T @®)—qr ®
d
- (T @) q ¢ —T1 @)

= ey — T141(t— T) (1))

d(epl)
dt

d
= @ @=T) —aq @)

d
= (1 7 (T, (t))) gt =T 1)) —q @)
=q, =T (1) —q ()
d )
7 (T, (1) g, (t =T, (1))
=ey —Tog, (t—T> (1) (23)

we get the following relationships between é;
and e,;

T2, (t — T (1)) (24)
Tiqi(t — Ty (1)) (25)

épl =€y —

€pr = Cyr —
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Applying Eqs. 24 and 25 to Eq. 22, V could be
simplified as becomes

1 . 1
V= Z |:—8[-TK,'8,' + EeiTep,- + 58,-T€vi

ie{r,l}

1 . L 7.
+ Eez; (epi + epi - eui) + Ee;jepi

;eu,ew i’ em}
1, T .

+ EQI (t - Tl (t)) (evr - epr)
1

+ EQr (t - TZ(I))T (evl - épl) (26)

Considering that

L']l ([ - T] (t)) = ey + C.Ir (27)

G t—Tr®) =eu+q (28)

V is further simplified to

. 1 1
V= Z |:—8iTKi8i + EsiTe',,i + 581T€vi

ielrl)
1 . 1
+ Eez; (epi + épi — €v1) 2 plepz
- 231”61)1 qt (t)Tevi
1 T .
+ 5 (evi +qi)" (evi — €pi) (29)

More simplification gives

V= Z |:—£ Kie; — zemew

ie{r,l}

1 . .
+ 3 lei—aqi 0+ €pi}T€pi
1 . T
+ 3 {Ei —qi () + epi} eui] (30)

Using the definition of ¢; in Eq. 5, negative semi-
definiteness of V is seen as

V:—Z[s Ke,—i—le eu,:| (31)

2 vl
ie{r,l}

Integrating Eq. 31, it is easy to see that V (¢) —
t .
Vo =[V=- (f( TKie + Lo v,e,,,)> <0, ic,

Vi< l(} (0). Using the fact that V() >0, V (¢) <
V(0) and V (¢) <0, it is possible to say that V(¢)
is positive bounded decreasing function. Thus, it is
concluded that all terms in V(¢) are bounded.

Now let us proceed to the analysis of trans-
parency of the system by proving lim,_, o, €, (f) =
lim;, o epi(t) =0. We will also show that
lim;_, o, q;(¢) is bounded to establish closed-loop
stability.

Previously, it is shown that V() is bounded,
so all terms in V(¢) including ¢;, ¢;, e; and
6~?,-e£oo. Using V(t)>0 and integrating Eq. 31,

ft(eTKsl) 2f(e i) =V (0) =V () < V(0),it

follows that sl, eyi€L,. It is easy to see from
Eq. 5 that, since g;eL,, we have e,eL,. Com-
bining these with Eqgs. 24 and 25 and the as-
sumption that T; is bounded, it is seen that
épi€L. All these bounded signals result in the
boundedness of the regressor matrix Y, i.e.,
YieL~. Using the boundedness of ¢, 51', T;
and Y; and Properties I and III in Eq. 9, it is
seen that &eLy. Using Barbalat’s lemma (see
Appendix), given that gefl, and €Ly, it is
concluded that lim,_, & = 0. Using & = §; — é,;,
it is determined that GeL. Invoking the time
derivative of e,;, e.g., é, = (1 — Tz) g-t—T,) —
g, it is concluded that é,eL. Therefore, us-
ing Barbalat’s lemma again, since e,eL, and
é,i€Lo, it 1s resulted that lim, e, =0. Re-
placing e,y =q, (t = T> (1)) — qi(t) in & = ¢ — ey
and using the fact that & —0, stability of the
system ¢; (t) + q;(t) = q, (t — T» (¢)) can be ana-
lyzed with calculating the response of g;(¢) to
the gr (¢ — T»(¢)). Homogenous response of stable
differential equation ¢; (t) + q; (t) = q,(t — Tx2(1))
is qi(t) = e™" [ €'q,(t — T»(¢)). Similar result could
be achieved for g,(t) as g, (1) = e™" [ e'q;(t— T (1)).
If [e'q,(t— T>(r) is bounded then ¢; — O,
which implies that ¢, — 0, e, and ey, — 0. If
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[ €q.(t — T»(t)) be unbounded then ¢;(f) would
be indeterminate which could be evaluated using
S eqi— nm) _

&(e
qt—T: (@), epr — 0. Similar results could be
achieved for e, — 0. Using the definition of ¢;
in Eq. 5 and using the fact that lim, & (£)=0
and lim, e, () =0, it is easy to see from
Eq. 5 that lim,—.« ¢; (f) = 0 and, in other words,
lim,_, , g; (f) = Constant.

Thus, it was proved that

Hopital’s rule as lim,_, g, (t) =

lim;, .q; (t) = Constant and lim,_, e,

=limoep =0 ieflr} (32)

O

Thus, in free motion of the bilateral telema-
nipulation system (1), state synchronization is sat-
isfied under time varying communication delays.
Also, the closed-loop telemanipulator is input-
to-state stable from the human and environment
input forces to the local and remote manipulator
states.

4 Simulation Results

To verify the theoretical results of this paper, the
local and remote manipulators are considered to
be a pair of two-degree-of-freedom serial robots
with revolute joints. The local and remote ma-
nipulator dynamics (1) have the following ele-
ments of inertia, Coriolis/centrifugal and gravity
matrices:

Mlll Mllz 3
M;(q) = |:M M. :| Ci(qi, qi)

21 22

Clll Cl12 U\ — Gil

iy in

where for is{l, r}, = my, + I (my, + my,)+
21;,l;,mj,cos(qi,), M;,,= MLZ]_l?zmiz+lilli2mizcos(qi2),
My, = Emy,, Ci, = =21, 1l,m;, sin(qi,)qi,» Ciy, =
_lilllzmIQSIH(qlz)qizﬂCigl =1;,li,m;,sin(q;,)q;,, Cip, =0,
G;, = glim;, cos(q;, + qi,) + 1; (my; + my,) cos(q;,),
Gi, = gli,m;, cos(qi, + qi,). Here, q; and g;, are
the positions of the first and the second revolute
joints, /;, and /;, are the link lengths and m;, and

@ Springer

m;, are the masses of the first and the second links
for each robot. For both manipulators, we used
the same linear parameterization (see Property
1V) as in [26]:

Y. Y. Yi.Yi.Y;

Y; (Cli, Qis €pis épi) = |: Yln Yllz Y‘H Y’M Y‘H :|

i 122 23 14 s

o~

0:

23

8=1[, 8,0,

@5]

where, Y .= —¢é,;,, Yi,,= —2€p;,c0s(qi,) — €,i,c0s(q;,) +

qlaeplz Sln(CIlz) + Zepllfba Sin((bo) Yl[} = éplz’YlM =

-8 COS(C]“ +CI12)’ iis = gCOS(‘]z] ), i1 =0, lez
epll COS(QIz) qllepll Sln(‘bo), Y123 = epll eplz7

Y., = gcos(qll —i—qh), Yh5 =0 and 91 —/l2 i, +

Q(mll +mzz) 912 - lllllzmh, I3 —l mlz» 94 - llgmlz7
0i; = l,](m,] + my,), ie{l, r}.

Using the above definitions for the elements of
the matrix &;, it is possible to estimate matrices M;,
C; and G; based on the elements of 51 that will be
estimated online.

In simulations, the physical parameters of the
manipulators are set to my;, =4 kg, m;, = 0.5 kg,
I, =50 cm, I, =50 cm, m, =34 kg, m, =
0.25 kg, I,, = 50 cm, I,, = 50 cm and the controller
gain K; is set to 3/. In the following, three simu-
lation scenarios are considered involving constant
time delays, random time delays and sinusoidal
time delays (scenarios A, B and C, respectively).
A human torque, which is shown in Fig. 2, is
applied to the local manipulator and the tracking
performance of the first and the second joints of
the local and remote manipulators are considered.

4.1 Simulation with Constant Time Delays

In Fig. 3, simulation results for a constant time
delay similar to that used in [26], 77 = 0.4 and
T, = 0.4 seconds, in terms of joint positions of the
remote manipulator and delayed joint positions
of the local manipulator in the presences of the
exerted human torque are shown. Comparing the
results, it can be seen that the results of the pro-
posed scheme is exactly the same as that of [26].
This similarity is because of the fact that in this
simulation time delays are constant.
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Fig. 2 Exerted human 60 T T

torque

L
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4.2 Simulation with Random Time Delays

In this part, simulation results of the proposed
controller compared with [26] for random time
delays with Gaussian distribution with mean
0.48 second and standard deviation of 0.022, are
shown. In this simulation, again the positions of
the first and the second joints of the remote ma-
nipulator compared with delayed joint positions
of the local manipulator in the presences of ex-
erted human torque are shown. As it can be seen

Fig. 3 a Positions of the a 0.4

Time (sec.)

from Fig. 4, the proposed scheme has better track-
ing performance and less fluctuations and settling
time than the controller [26].

4.3 Simulation with Sinusoidal Time Delays

Let us verify the telemanipulator’s free mo-
tion tracking performance under sinusoidal time
varying delays. The feedforward and feedback de-
lays in the communication channel are assumed to

first joints of the local and
remote manipulator in
telemanipulation with
constant time delay.

b Positions of the second
joints of the local
andremote manipulator
in telemanipulation with
constant time delay

—q,, (t-T,) method in [26]
S qlr(t) method in [26]
-=-q; (I-Tl) our method

----- qlr{t) our method

30 35 40

Time (sec.)

b 0.8 | T T T T I -

_qzl(t-'l']) method in [26]
0.6+ - q2r(t) method in [26]

===q.,(t-T ) our method

S 04r o,

-7 I | I - Asam— ) P qu(t) our method

& 02+ -z

0 i
-0.2 ' ; : ' ' ;
0 5 10 15 20 25 30 35 40

Time (sec.)
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Fig. 4 a Positions of the a

first joints of the local and
remote manipulators in
telemanipulation with
random time delay.

b Positions of the second
joints of the local and

q (rad.)

remote manipulators in
telemanipulation with
random time delay

s qn(t—TI(t)) method in [26] ||
q“(t) method in [26]

R 11(t-TI(i)) our method |
——= 11_(1) our method

30 35 40

q, (rad.)

== g, (t-T (1) method in [26]
..... q,(t) method in [26]
— qjl(t-T](l)) our method

-—— qu(l) our method

be changing as sinusoids with a mean of 1 second
and frequencies of 0.5027 and 0.4714 rad/sec — see
Fig. 5.

Joint positions of the local and the remote ma-
nipulators in the presences of the exerted human
torque of Fig. 2 are shown in Fig. 6. It is remark-
able that state synchronization of the bilateral
teleoperation system is satisfied in the presence of
the fast varying communication delays. In Fig. 7,
tracking errors in the first and the second joints

40
Time (sec.)

of the local and remote manipulators are shown,
which are asymptotically converging to zero as
predicted by the theory.

As shown in Figs. 3, 4 and 6, after a command
is being applied to the local robot, a couple of
seconds of settling time is needed to achieve syn-
chronization between the local and the remote
robots. This settling time depends on the values of
the constant time delay (Fig. 3) or the varying time
delay (Figs. 4 and 6). Considering these figures,

Fig. 5 Time varying 2
delays in communication
channel
1.51
8
=z
E‘ l
fa
0.5-
00
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Fig. 6 a Positions of the a

first joints of the local and - ' :

remote manipulators in
telemanipulation with 02
sinusidal time varying
delay. b Positions of the
second joints of the local

_q"("Tl(t])
===9,{") I

and remote manipulators
in telemanipulation with
sinusidal time varying
delay

q, (rad.)
S
i =)
' ﬁ:

15 20 25 30 35 40
Time (sec.)

4, (rad.)

[—ay Ty ()
===y, )

the proposed adaptive controller is able to han-
dle time varying delays and guarantee asymptotic
synchronization between the local and the remote
robots as opposed to prior art [26], which is only
meant for constant time delays.

If we apply the controller in [26] to the same
local and remote robots with the same sinusoidal
delays in the communication channel, instability
happens in the local and the remote manipulators
as shown in Fig. 8.

Fig. 7 Tracking errors of 05 T T

1
15 20 25 30 35 40
Time (sec.)

5 Experimental Results

To verify the theoretical results of this paper, the
local and the remote manipulators are considered
to be two PHANToM Omni robots (Sensable
Technologies, Inc., Wilmington, MA) as shown
in Fig. 9. The utilized PHANToM robots are
three degree of freedom robots that map the
generalized joint angles of the robot (g, g, and
q3) to the Cartesian position (X, Y and Z) of

the positions of the first 1
and second joints

T T T T
i — First joint
I =+= Second joint

]
—_— ]
between the local and the ! i
remote manipulators % :
g i
1=
2
= L 1
0'50 5 10

15 20 25 30 35 40

Time (sec.)
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Fig. 8 a Positions of the a

first joints of the local and 2 ' ' ' ' RN
remote manipulators with i ! \
controller in [26] with H “J
sinusidal time varying i
delay. b Positions of the ~ H i
second joints of the local B 0 i i 1
and remote manipulators - LR "
with controller in [26] E ¥ W
with sinusidal time —Local ! i i :
varying delay -=-Remote i ! I:;
| '
-5 L I I 1 H
0 2 4 6 14 16 18
10
T T T T i E :
1 L]
1 1
1 1
5+ H ! : 4
1 1 I
1 1 ]
T { b
£ o ! ok J
i T o e e
o 1 1
—Local i
-5k :
===Remote 1
o 1 0 1 | | 1 1
0 2 4 10 12 14 16 18

the gimbal. These local and remote robots are
connected to the computer using 1394 ports. As
the human operator moves the local robot, the

Fig. 9 Teleoperation system with two PHANToM Haptic
devices

@ Springer

Time (sec.)

remote robot which is in free motion follows the
state of the local robot. Controllers for the local
and the remote robots are implemented based on
Egs. 2-5. To artificially create varying time delays
between the local and the remote robots, a first-
input, first-output circular buffer is used for each
robot —changing the length of these buffers create
time-varying time delays in the communication
channel.

The schematics of PHANToM robot with its
corresponding joint angles are shown in Fig. 10.

The local and remote PHANToM dynamics (1)
have the following elements of inertia, Coriolis/
centrifugal and gravity matrixes:

Mill Milz M;
M; (gi) = Mizl Mizz Mizs ’

i31 Misz Miss

13

<

in Cilz Cils
i2 Cizz Ci23
- Ci. C;

131 132

G,
and G, (q) = | G,
G;

3

Ci(qi, qi) =

SN

33
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Fig. 10 Schematics of PHANToM robot with its corre-
sponding joint angles

where for ie{l,r}, Mi(qi), Ci(qi, ;) and Gi(q:)
defined in terms of kinematic and inertial prop-
erties of the PHANToM [29].

The linear parameterization of the PHANToM
(see Property 1V) is reported in [30]. We use a
similar parameterization, Eq. 7, as:

Yi (‘Ii, qi, €pi, épi)

Yi, Yi, Yi, Yi, Yi, Yig Yi, Yi,
- YZZI Y’22 Yl23 Y124 le: leﬁ Yi27 Yizs
Yi“ Yi32 Yl% Yl34 Yl35 Yl36 Yi37 Yiss

T =7, W, Ty Wiy Ty Tig Ty g |

where, Yill = éPil > Yi12 = éPilciz.z - zepilé]izsizciz -
é]il €pirSis 5> Yi13 = éPil Ciry — 2epilé]i3si3 Ciy — é]il €pi3Sis 5>
Yii, = €pi, CiuSiy — 5 (€piy Gin + iy €piy)Siy Siy + 5 (i, Gy +
qilepiz)cizcisﬁyils =0, Yl|5 =0, Yl|7 =0, Ylls =0, Ylm =0,
Yizzzqilepilsiz,zﬂylzz—o 17104— - e])lzslz'; 2qi|epl|slgsi3+
%q-izepizcizw Yizs - el’lz’ lee - 0 le7 = Ciy, Yizs =0,
lYi?l =0, Yl%z _0 Yl%s _q.ilepilsi23’ Y134 z‘_%éﬁizsizz -
34i,€pi, Ci, Ciy + Equeplz Ciys» Yi%s 0, }]l36 =€pis» Yi37 =0,
Y., = s;, and 7; is same as reported in [30]. In the
elements of matrix Yj, Si,, Ci,,> Sip> Cipn> Sir,, and
Cir,» M, n =1, 2, 3, stands for sin(g;,), cos(q;,),
sin(qi,, — qi,), €os(qi, — ¢qi,), sin(2q;,), cos(2q,,)
respectively.

Let us verify the PHANToM’s free motion
tracking performance under sinusoidal time vary-

ing delays. The feedforward and feedback delays

in the communication channel are assumed to be
changing as sinusoids with a mean of 0.2 s. Joint
positions of the local and the remote PHANToM
robots are shown in Fig. 11. It is remarkable that
state synchronization of the bilateral teleopera-
tion system is satisfied in the presence of the
varying communication delays.

To compare the experimental tracking perfor-
mance of the proposed controller with the con-
troller in [26], experimental results corresponding

0.81 b

—q, (T ()
0.6 b
-,

0.4 1

q (rad.)

0.2 ]

Time (sec.)

— (T, ()
~-q,(0

q, (rad.)

Time (sec.)

— (LT ()
~- G40

q, (rad.)

Time (sec.)

Fig. 11 a Positions of the first joints of the local and
remote PHANTOM robots in telemanipulation with sinu-
soidal time varying delay. b Positions of the second joints
of the local and remote PHANToM robots in telemanipu-
lation with sinusoidal time varying delay. ¢ Positions of the
third joints of the local and remote PHANToM robots in
telemanipulation with sinusoidal time varying delay
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to the controller in [26] being used with the same
two PHANTOM robots in the presence of varying
time delays are demonstrated in Fig. 12. It is
evident from Fig. 12 that instability happens in

——

S~

-
g -
g 0 o™’ 4
&

—q,(tT )
—q,®

-0 2 4 6 8 10 12 14
Time (sec.)

'
—
n

— 4T,
I -0

-1.5} :
2 | | | | | |
0 2 4 6 8 10 12 14

Time (Sec.)
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0 P 1
T P [—a T 0]
ol a0 |

3

g

&

Time (Sec.)

Fig. 12 a First joint position tracking between the local
and the remote robots during teleoperation using the con-
troller in [26]. b Second joint position tracking between
the local and remote robots during teleoperation using the
controller in [26]. ¢ Third joint position tracking between
the local and remote robots during teleoperation using the
controller in [26]

@ Springer

the teleoperation in the presence of time varying
delay when the controller in [26] is used.

6 Conclusion and Future Work

In this paper, a new state synchronizing controller
for bilateral teleoperation systems with varying
time delays in the communication channel is pro-
posed. Lyapunov stability of the closed-loop sys-
tem in the presence of time varying delays is
established. Besides, it is proved and also shown
via simulations that using the proposed controller,
asymptotic synchronization between the local and
the remote robots occurs. The proposed controller
entails adaptive tuning rules in the local and the
remote sides to estimate the unknown/uncertain
dynamic parameters of the manipulators. Thus,
only the estimated values of the robots’ parame-
ters are needed in the controller when providing
for the asymptotic state synchronization between
the local and the remote robots under varying
time delays. As future work, state synchroniza-
tion under varying time delays during contact-
motion telemanipulation with consideration for
force tracking to obtain full transparency will be
studied.

Appendix

1. If f(¢) € £,, then there exist a positive con-
stant M such that [ | f()|*dt < M. This im-
plies that f is Riemann integrable.

2. It f(t) € Lo, then f is uniformly continuous.

Barbalat’s lemma says that if function f:R" —
R" is uniformly continuous and be Riemann inte-
grable, then lim,_., f () = 0.
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