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Abstract: This paper presents the design of a state convergence based control scheme, for a
multi-master-single-slave nonlinear teleoperation system. The control objective is that the
slave follows the weighted motion of the master systems, in free motion, and the master
systems receive the scaled force feedback, while the slave system is in contact with the
environment. To achieve the desired objectives, extended state convergence architecture is
modified and appropriate control gains are chosen following a Lyapunov based stability
analysis. MATLAB simulations considering a two-degree-of-freedom tri-master-single-
slave nonlinear teleoperation system are provided to show the validity of the proposed
scheme.
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1 Introduction

Teleoperation refers to the control of a remote process and forms an important
class of robotics due to its wide range of applications [1]. Typical units of a
teleoperation system are a human operator, master manipulator, communication
channel, slave manipulator and the environment. The working of the system is
such that the human operator initiates the task through the use of a master
manipulator which is installed at the local site. This task-related information is
then transmitted over the communication channel to the remote environment
where the slave manipulator performs the desired task. At the same time, slave
manipulator provides a feedback, which is representative of the remote
environment conditions, to the human operator through the master manipulator
who then can guide the slave manipulator by adapting to the environment
conditions. This form of teleoperation system is known as bilateral, as the
information flows both ways as opposed to the unilateral version where the flow
of information is from master to slave side only. Clearly, the bilateral scheme is
more reliable because of the presence of the feedback connection which provides
the operator with a feel of environment. On the other hand, the presence of the
feedback connection in a bilateral system poses a great challenge mainly because
of the time delay in the communication channel and the uncertainties of different
units complicate the problem further. A variety of control laws have been
proposed in literature to stabilize the bilateral systems against the time delays of
the communication channel while providing the satisfactory task performance [2]-
[4]. The groundbreaking works on the use of transmission line theory and the
wave variables in bilateral teleoperation systems form the basis of many other
algorithms [5], [6]. Such a class of algorithms is collectively referred to as
passivity paradigm for the bilateral control of teleoperation systems and by far, is
the most popular choice for designing bilateral systems due to their strong
robustness to time delays [7]. The other types of bilateral algorithms include
sliding mode control [8], Hoo control [9], Lyapunov-Krasovskii functional based
control [10], disturbance observer based control [11], adaptive control [12],
intelligent control [13]-[15] and the state convergence based control [16], [17].

In recent years, another class of teleoperation system, known as multilateral
teleoperation systems, has emerged due to the need of performing the remote tasks
in a cooperative fashion. In order to maintain the stability and to ensure the
satisfactory task performance in such systems, various control algorithms have
also been proposed. Small gain theorem based approach is presented in [21] for a
multi-master-single-slave teleoperation system where the slave system is
influenced by the master systems according to a weighting criterion and a force
feedback is provided equally to all the master systems. Based on the theory of
adaptive control and wave variables, the control of an uncertain single-master-
multi-slave teleoperation system is discussed in [22] where each slave is made to
follow the master commands in the presence of time varying delays. A disturbance
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observer-based scheme is presented in [23] to control a multi-master-single-slave
teleoperation system with different degrees-of-freedom. In this method, reaction
force is estimated and a modal transformation is introduced to accomplish the
position and force tracking tasks. A Lyapunov-based approach is presented in
[24], [25] to design a multilateral controller for dual-master-single-slave nonlinear
teleoperation system. The approximation ability of fuzzy logic control has been
used in [26] to design an adaptive controller for uncertain dual-master-dual-slave
teleoperation system.

This paper presents the design of a time-delayed multi-master-single-slave
nonlinear teleoperation system based on the method of state convergence. In our
earlier work [27], we have presented an extended state convergence control
architecture where k-master systems can cooperatively control I-slave systems.
However, this extended state convergence method is only applicable to linear
teleoperation systems when the communication channel offers no time delays.
These two limitations have been addressed in this paper by considering the
nonlinear dynamics of master/slave systems and constant asymmetric
communication time delays. A Lyapunov-based stability analysis is presented and
control gains of the extended state convergence method are selected to ensure the
stability of the multilateral system against the communication time delays and to
achieve the zero tracking error of the slave system. In order to validate the
proposed scheme, MATLAB simulations are performed on a tri-master-single-
slave nonlinear teleoperation system.

2 Modeling of Multilateral Nonlinear Teleoperation
System

We consider a nonlinear multilateral teleoperation system which is comprised of
n-degrees-of-freedom p-master and single-slave manipulators as:

Mrf;(qrf;)tiﬁﬁcn’;(qn’;,q'n’;jq.n‘;+gr"n(qr"n)=r:; +F)Vj=12,.,p €)

Ms(qs)qs+cs(qs'qs)qs+gs(qs)zz-s_Fe (2)

Where (MJ,M,)e; ™", (CJ,C,)e; ™ and (g},9,)e; ™ represent inertia

matrices, coriolis/centrifugal matrices and gravity vectors for master/slave systems
respectively.  Also, (q;,qs) e ™, (qrﬁ],qu e ™, (qr{;,qS] e ™,

(Trfwfs)ei ™ and (th,Fe) e; ™ represent the joint variables of master/slave
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manipulators namely position, velocity, acceleration, torque and external force
signals, respectively. In the sequel, the following properties of the master/slave
manipulators (1)-(2) will be utilized in proving the stability of the closed loop
teleoperation system:

Property 1: The inertia matrices are symmetric, positive definite and bounded
i.e, there  exists  positive  constants S and pS,such  that

0< Bl <M(q)<p,1 <.
Property 2: A skew-symmetric relation exists between the inertia and

coriolis/centrifugal matrices such that x' (M (q)—ZC(q q Dx =0,vxe;".
Property 3: The coriolis/centrifugal force vectors are bounded i.e., there exists

C(q .q'jq' <5,

Property 4: If the joint variables q and q are bounded, then the time derivative
of coriolis/centrifugal matrices is also bounded.

positive constant S, such that q

In addition to the above properties, we make the following assumptions:

Assumption 1: The gravity force vectors for the master/slave manipulators are
assumed to be known.

Assumption 2: The operators are assumed to be passive i.e., there exist positive
ts .

constants p!, j=12,..., psuch that —p) < I—th g’ dt . Also, the environment
0

is assumed to be passive and is modeled by a spring-damper system i.e.,

F, =K.0,+B,q, where K, ej "™ and B, e; ™"are positive definite diagonal
matrices.

In addition to the above properties and assumptions, we will use the following
lemmas in proving the stability of the multilateral teleoperation formed by (1), (2):

Lemma 1: For any vector signals x,y e; "and scalary >0, time delay T and

nxn

positive definite matrix K e ™", the following inequality holds over the time
e T, b, 2t .

interval [0, tf]: —ZJ. X' K_[y(t—a)dcrdt < ;/J X' det+T_j y' Kydt
0 0 0 7/ 0

Lemma 2: For the vector signal xe; "and the time delay T, the following
T

inequality holds: x(t—T)—x(t)= Ix(t -o)do<T"

0

X

2

-10-
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3 Modified Extended State Convergence Architecture

The authors recently proposed an extended-state convergence architecture [27] for
k-master-I-slave delay-free linear teleoperation system, which can be modeled on
state space. The aim of the present study is to explore the applicability of the
extended state convergence architecture for nonlinear multilateral teleoperation
system in the presence of asymmetric constant communication delays. For
simplicity, a multi-master-single-slave nonlinear teleoperation system is
considered in this paper which can be observed in literature. Further, the extended
state convergence architecture is slightly modified by eliminating the gain terms
G; which are responsible for direct transmission of operators’ forces to slave
systems. However, all other control gain terms are kept the same. Since the
gravity force vectors are assumed to be known, they are included in torque inputs
and will therefore become part of the extended state convergence architecture. The
modified state convergence architecture is shown in Figure 1 and various
parameters defining the architecture are described below:

th: It represents the force exerted by the j™ operator onto the j™ master
manipulator.
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Figure 1
Modified extended state convergence architecture for multi-master-single-slave teleoperation
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K} =[Knj11 Kniﬁ]: It represents the stabilizing feedback gain for the j™ master
manipulator. K), e; ™ and K/, e; ""are the state feedback gains for the j"
master’s position and velocity signals respectively.

K, =[K51 K,, [+ It represents the stabilizing feedback gain for the slave
manipulator. K, e; ™ and K, e ™" are the state feedback gains for the
slave’s position and velocity signals respectively.

T,;: It represents the constant time delay in the communication link connecting
the j™ master system to the slave system.

T, : It represents the constant time delay in the communication link connecting
the slave system to the j™ master system.

R)=[R) R} |: It represents the influence of the motion signals generated by
the j master manipulator (when operated by the jth human operator) into the
slave manipulator. The matrices R} e ; ™ and R), ; ™" weights the j" master
manipulator’s position and velocity signals respectively.

R} :[Rn"ﬂ Rnﬂz]: It represents the effect of slave’s motion into the j" master

manipulator. The slave’s position and velocity signals are weighted by the
matrices R} e; ™ and RJ, e; ™ to influence the j™ master manipulator’s

motion.

4 Lyapunov-based Stability Analysis and Control
Design

Using the modified extended state convergence architecture of figure 1, we intend
to achieve the following control objectives:

Control Objective 1: The slave manipulator’s motion is the weighted effect of the
masters’ manipulators’ motion i.e.,

Iim(qs (t)_lzplajq; (t)J:O 3)

t—oo

Where «; is a weighting factor which is used to scale the j™ master manipulator’s

P
motion and obeys the property: Z“j =1.

=1

-12-
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Control Objective 2: The static force reflected onto the j™ operator is a function of
the environmental force and the other operator’s applied torques i.e.,

th — fj (Fe, Fhi,i¢j,i:1,2 ..... p) @)

To achieve the above objectives and to show the system stability, state
convergence-based closed loop multi-master-single-slave nonlinear teleoperation
system will be analyzed using a Lyapunov-Krasovskii functional technique.
Towards this end, we first write the control inputs for the master/slave systems
using Figure 1 as:

i =0} (a))+Khal + K, g+ R0, (t-T, )+ RL 6. (t-T, ), Vi=12...p (5)

. b P .
7, =0, (qs )+ Kslqs + K52 g, + z Rsllqrjn (t _ij )+ z RSJZ ql’:‘l (t _ij ) (6)

j=1 j=1

By plugging (5) in (1) and (6) in (2) and using the assumptions 2 and 3, the closed

loop master/slave systems can be given as:

M) 0+ Clal = Kah + Ko 0+ R, (=T, )+ R, 0, (1T, )+ R/, Vi =120,
)

Ms d;_'_Cs q.s = Kslqs + KsZ q.s + Zp:stlqr:] (t _ij )+ ZP:RSJZ q'rfw (t _ij )_ Fe (8)
j=1 i=t

4.1 Position Coordination Behavior

We now show the stability analysis of the closed loop teleoperation system
formed by (7) and (8) by introducing the following theorem:

Theorem 4.1: By selecting the control gains of the multi-master-single-slave
teleoperation system (7), (8) as in (9) and on the satisfaction of
the p+1inequalities as in (10), the stability of the closed loop teleoperation

system of (7), (8) can be demonstrated as in (11).
K), =K, =-K,K),=K_, =-3K,,¥j=12,.., p
R =R)=a,K,R}, =R}, =20,K,,Vj=12..,p

1 'm2

©)

Where K €| ™and K, e ; ™" are positive definite diagonal matrices.

-13-
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oy, aT?
(3—2aj)Kl—%K—ﬂK S0,¥j=12,... p

27/m'
o (10)
p V. p .
P S i K SN
o 2 T 27
Where y,., y are positive scalar constants.
!lm q —I|m q _I|m q —I|m g, =0,vj=12,..,p (11)
Proof: Consider the following Lyapunov-Krasovskii functional:
V(Qé,qs,qn‘;—qs,qs.qéj ZQ”M‘qm+ 0. M, g+ qs K.d,
Iy -a)giTK ()R (&)dé+ [—gi (E)F. (£)d
221 @30l ()R () 5+ G’ ()R (¢)dE+
=1
o : : (12)

. i i - b
ZP$+—Z“J (%_qS)TK(q;—q J+ e [l (§)K o (¢)de
= 2 j=1 =Ty

By taking the time-derivative of (12) along the system trajectories defined by (7)
and (8), and using the passivity assumption 2 along with the property 2 of the
robot dynamics, we have:

\7=fqiT(Kr’@ququwRHqs(t ~Ty)+RL G, (t-T, )j
=1
. I P :
qu [Kslqs + Ksz qs+ZRleqri1 (t_ij )+ZRSJZ qr:w (t_ij )_ Keqs - Be qs]
j=1 j=1
+a K., +i(l—a,~)qff K, +ia,~ Q) K(g)-q,)+ (13)
j=1 =1
iaj Q;T K(qs _qu\)-i_zaj QiT K1q.nj1 _iaj qiT (t_ij)KlqrE] (t_ij)
=i i=1 =1
+iaqu 1qs Za qs (t T) 1qs< s')
=1

After simplifying and grouping the terms in (13), we get:

o

— 14—
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. p . . . P . .
V=2 a (K +K)ah+ > alT (Rha, (t-Ty ) - Kg, )+

=1 =1
q;T[Ksﬁia,-K]qs+Zp)q;T(st1Q$(t—ij)—ajKQ$)+

j=1 =1

P . . . p e p . . .
D (K + K )ah+ >, (Ksz +Za,-K1)qs -q,' B, q, (14)
j=1 j=1

=

p . .
+quT Rlz qs (t T )+quT RSJZ qr:1 (t_ij )_

. =

P . . p . .
Z“i Ay’ (t_Tmi ) K. a5 (t_Tmi )_Z“j a,’ (t_Tsj)Kl q (t_TSi)

j=1 =t
By plugging the control gains of (9) in (14), and by adding and subtracting the
terms Zp:aj qr}nT K, q-rjn , Zp:aj q;T K, q-S from (14), we have:

j=1

-1

V= Zp:aj(-qrjnT K(qS (t—Tsj )—qs)+zp:ajq;TK (qr{1 (t—ij )—qé)
: <

Z (3 2a;)K, 9’ -0 K,q,—q," B, q,

=1

) .o : . (15)
a, [ Kogl+a) (6T, ) K a) (t-T,;)-20, K, g (t-T, )]
j=1
P . . .
J[qs K qs+qs ( sj)Klqs (t _Tsj)_zqr:‘l‘r Klqs (t_Tsj ))
j=1
Now, we define the following error signals:
i =W~ é t_Tm'
=0T o

equ;‘ = qr# _qs (t _Tsj )
By re-writing (15) in terms of the time-derivatives of the error signals of (16) and

T .
using the relation q(t-T)-q(t) =—jq(t—a)do- , We have:
0

-15-
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T

sj. moe

\;:—Zp:ajq qus t-o)o - Z:(qus qumt oo -
1

P . )
> q)7 (3-20,)K, ) -q, K,q,-q." B, 0.->a, eq, Kie, 17)
=L

=

p . .
T
ey Key

j=1

By integrating (17) over the time interval [0, t;] and using lemma 1, we get:

t, p ) thf .
e
Vds<> a | 2 |q) Kq$ds+ q,' quds +
[iorcEe | o e
p ¥ . Z‘f .
Z“{ ul .qu qu ds+ jq Jds]—
] m]O

(18)

t o,

Zplj‘qf 3- Za)Kq ds— Iq' quds Jqs quds
0

=1

pozljlequ Ke ds— Zaje Ke ds
0

j=1

By grouping the terms in (18), we can simplify the bound on the time-derivative
of the Lyapunov- Krasovskii functional as:

2

v(tf)—v(o)S—Zp:/lmin[(s 20, )K, - ,Zn,K Tn J

=1 2)/mj

P A7, T,? .
SN2 K -
Zmln{l 2 2 Jqs

j=1 sj

2 p

=2 A (K, [0
2

j=1

(19)

2

2 2

_ﬂ'min (Be)

Qs

2 2

Now, if the inequalities in (10) are satisfied, the right hand side of (19) will remain
negative. Since V(0) and V(t) are positive and right hand side of (19) is negative,
it can be concluded that V/(t;)-V(0) remains bounded ensuring that V(t;) will remain
bounded. Taking the limit as tr —oo and using the robot properties, it can be said

that the signals {qn’qqsqr‘n —qs,qs,qr"n} el and {qr"n,ds,e;j ,e;,. }e L,. To prove

the system stability in the sense of (11), we have to show that the acceleration
signals of master/slave systems and their time derivatives remain bounded. To this
end, we rewrite (7) and (8) without external forces (since they are assumed to be
passive and bounded) as:

-16 -
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dh=(M2)"| -l Kbt +Kl o RE, (T, +REG(T)| )
q=M" {—Cs Gt Kay + Ky, + Y RIGH (t-T,, )+ SRLq! (t-T,, )} (1)
j=1 i=t
By considering the control gains of (9) along with (20) and (21), it is now required
to show that the signals {qﬁn — a0, (t-Ty ). —Zp:ozjqnj1 (t-T, )}e L,. These
j=1
signals can be written as:
ah-a,0, (t-T,) = (a8 a0 ) +a; (6. -q, (t-T,))
p _ P _ p . :
0.~ )04 (t=T,) =[qs —Zajqr’nj+2a,- (a4 — a4 (=T, ))
j=1 =1 =1

The first set of parentheses on the right hand sides of (22) are bounded by virtue

(22)

of {q;'],q.s,qrjn—qs}e L, while the second set of parentheses are bounded by

virtue of lemma 2 and {q;qs} e L, . This implies that the left hand sides of (22)
are also bounded. By using the properties 1 and 3 of the robot dynamics and the

result {q.r"n,ds,qrf; -0,.0,,9), 95 —a;0, (t-Ty),q ~Yaq) (t-T, )}e L, itcan
j=1

be concluded that the signals {qr‘n,qs} are bounded. Since the signals {qr‘nqs}

also belong to L,, then by Barbalat’s lemma:

limg) =limg, =lime , =lime ; =0. Now, it is left to show the boundedness of
t—o t—o t—o 4 t—o 4

Im s

the time derivatives of (20) and (21) to complete the proof. By taking their time
derivatives, we have:

dg, _i( j
dt dt

M) )71 |:_an1 q;+ Knjﬂq,fq + Knjqz q.r:-1+ analqs (t _Tsj )+ anwz q.s (t _TSJ ):|
(23)

+(M$)71 %|:_Crf1 q:i"' K:ﬂ% + Kriz q.r:l]"' an11q5 (t _Tsj )+ an12 q.s (t _Tsj ):|

-17 -
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d" d ) . e P P .
% ZE(MS l)|:_cs qs+ Kslqs + KSZ qs+JZ:;stlqr:1 (t_ij )+JZ:1:RSJZ qr# (t_ij )i|

+M 5_1 %|:_Cs q.s+ Kslqs + Ksz q.s + i stlqrjn (t _ij )+ i stz q'rjn (t _ij ):|
=1

j=1
(24)
By using the properties 3 and 4 of the robot dynamics and the earlier
LT S p ) o o
result{qr‘n,qs,qr’n—qs,qs,Q$,Q$—a1qs (t—Ts,-),qs—Za,—qr’n(t—ij).q;ﬂqs}eLw,
j=1

it can be concluded that the second derivative terms in (23) and (24) are bounded.
The boundedness of the first derivative terms in (23) and (24) follows from the
properties 1 and 2 of the robot dynamics, the boundedness of the signals

{qrﬁ]qr‘nqsqs} and considering Mt=—MIMM™=—M ?(C+CT)M ™. Thus
the right hand sides of (23) and (24) remain bounded implying that the signals
{qm,(.];}eL are uniformly continuous. Therefore, we have: I|mq —I|mq =0.

This completes the proof.

Theorem 4.2: The desired position of the slave system, as mentioned in (3), is
achieved under the control gains of (9) and the condition that the signals

{qs ,q.,9,, qm, }converge tozeroast —» .

Proof: The convergence of the signals {qs,qm,qs,qm, e;j }has been shown in

Theorem 4.1. Thus, by using the results from Theorem 4.1 and by substituting the
control gains of (9) in (8), we have:

p 4
limlg, —> e (t-T,; )| =0 (25)
t . e
By using the relation g’ (t -T, J' g, (£)d&, and the result !im q, =0,
t-T,

m

we can write (25) as: !im q =0. Thus, slave position coordination is

P
-0,
=t

achieved in the absence of environmental force as time goes to infinity and control
objective 1 is achieved. This completes the proof.

-18 -
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4.2 Force Reflection Behavior

Let us now investigate the force experienced by the operators in steady state when
the slave is in contact with the environment. Towards this end, the steady state
behavior of the closed loop master systems’ (when the velocity and acceleration
signals converges to zero) is first found from (7) as:

Kol +Rhq, (t-T,)+F) =0,vj=12..,p (26)

By using the relation qS t T _[ qS d§ and the earlier result from

stability analysis !im g, =0, and the control gains of (9), operators’ forces in (26)

can be given as:
Rl =K(a)-2,0,),¥i=12,.., p (27)

Similarly, the behavior of the slave system in steady state including the
environmental force can be obtained from (8), (9) and two earlier theorems as:

P
F, =-Kg, + Y a;Kqg] (28)

j=1

p
By adding and subtracting Zaf Kq, from (28), we can write the environmental
j=1

force in terms of operators’ forces as:
P ) p

F.=>aFR -|1->a? |Kq, (29)
j=1 j=1

From (29), it is evident that the environmental force is indeed proportional to the
weighted effect of the operators’ forces. Thus, the second control objective of (4)
is also achieved.

5 Simulation Results

The proposed state convergence based scheme for multi-master-single-slave
teleoperation system is verified in MATLAB/Simulink environment using a two
degrees-of-freedom three masters and one slave manipulators with the dynamics
of (1), (2). The corresponding inertia matrices, coriolis/centrifugal matrices and
gravity vectors are given in (30)-(33):

-19-
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M(Q){m“ m“]C(q,éj{c“ C“}g(q){gl} (30)

le 22 CZl C22 g 2

my, =m,l? +(m, +m, )I* +2m,I% cos(q,)

m,, = m,, =m,1° +m,I* cos(q,) @31
m,, =m,|’

C,=-0Q, m2|23in(q2),012 = —(q1+q2)mzlzsin(q2)
(32)

€y =0 mzlzsm(qz)vczz =0
g, =agmzlsin(q1+q2)+ag (m,+m,)lsin(q,), 9, =agmzlsin(q1+q2) (33)

Where m;,m, are the masses of links 1 and 2 respectively; |, =1, =1are the
lengths of links and a, is the acceleration due to gravity. By setting the parameters
for the master systems as: m,, =m, =2kg,l, =1m and the slave system as:
m,, =m,, =10kg,l, =1m and by defining the alpha influencing factors for the
master systems as: «;, =0.5,¢, =0.3,a, =0.2 and by setting the gamma values as
unity and by assuming the time delays in the communication channel as:
T,=T,=1,T,,=T,=05sT,, =T, =2s, we solve the inequalities of (10) and
subsequently  select the decisive positive definite  matrices  as:
K =diag(20,10),K, = diag(40,20). The control gains for the multi-master-

single-slave nonlinear teleoperation system can now be found using (9).

We first simulate the tri-master-single-slave nonlinear teleoperation system under
the control of constant operators’ forces and in the absence of environment forces.

The human forces are F/(t)=F,) tSlSOS,(Folp =5N,F? =2N,F} —SN)Which

op!? ' op 17 op
vanish after 150 sec. The results for this simulation are shown in Figure 2. It can
be seen that the multilateral system remains stable, owing to the boundedness of
the signals and both the joint positions of the slave system converge to the desired
references. We also consider the realistic case where the operators’ forces vary
linearly with time. The simulation results for this case are shown in Figure 3. It
can again be seen that the slave position signals indeed follow the desired
reference positions. Finally, we simulate the nonlinear teleoperation system in the
presence of environment forces considering the constant operators’ forces. The
simulation results for this case are depicted in Figure 4 where the slave comes in
contact with the environment at t=150 sec. After the contact is made, masters’
positions are reduced and the slave is unable to follow the set references. This is in
line with the theoretical results. The reduction in masters’ positions is due to the
force reflected onto the masters’ systems by the slave system when it is in contact
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with the environment while the error in slave’s desired trajectory is the result of its
direct interaction with the environment as can be seen from (28).

Joint 1 Position Signals of Manipulators(rad)

T

T

Desired Slave Pos
Master 1 Pos
Master 2 Pos
Master 3 Pos

Slave Pos
0 L
_005 r r r r r
0 50 100 150 200 250 300
Time(sec)
(a)
Joint 2 Position Signals of Manipulators (rad)
0.8 T T T
""""" Desired Slave Pos
0.7 Master 1 Pos H
Master 2 Pos

06 Master 3 Pos

’ Slave Pos
0.5 N
0.4 i
0.3H J
0.2 N
0.1 N

0 r r r L

0 50 100 150 200 250 300
Time(sec)
(b)
Figure 2

Tri-master-single-slave nonlinear teleoperation system with constant operator forces in free motion (a)
Joint 1 position signals (b) Joint 2 position signals
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Joint 1 Position Signals of Manipulators(rad)
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Figure 3

Tri-master-single-slave nonlinear teleoperation system with time varying operator forces in free motion
(a) Joint 1 position signals (b) Joint 2 position signals
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Joint 1 Position Signals of Manipulators(rad)
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Joint 2 Position Signals of Manipulators (rad)
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Figure 4

Tri-master-single-slave nonlinear teleoperation system in free plus contact motion (a) Joint 1 position

Conclusions

signals (b) Joint 2 position signals

In this work, the design of a multi-master-single-slave nonlinear teleoperation
system in the presence of asymmetric constant communication time delays is
presented, based on the extended state convergence theory. A Lyapunov-based
stability analysis is carried out to find the control gains for the modified extended
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state convergence architecture. The efficacy of the proposed scheme is finally
verified through simulations in the MATLAB/Simulink environment by
considering a two degrees-of-freedom, tri-master-single-slave robotic system.
Future work involves the design of state convergence based multilateral nonlinear
teleoperation system in the presence of time varying delays with experimental
validation.
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