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for robotic teleoperation systems with
randomly occurring gain fluctuations
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Abstract
This article investigates the synchronization problem of robotic teleoperation systems by developing a novel event-
triggered networking strategy. Furthermore, the randomly occurring controller gain fluctuations are considered for
the robotic teleoperation systems, such that more robustness can be obtained in the controller implementation. Based on
model transformation, sufficient synchronization conditions are derived by employing the Lyapunov–Krasovskii method.
Then, distributed controllers are designed for achieving the mean square synchronization. Finally, the effectiveness and
feasibility of our proposed control strategy are demonstrated by an illustrative example.
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Introduction

In the past decade, robotic teleoperation systems (RTSs)

have received increasing attention due to the urgent

demand in both civil and military applications, such as

remote surgery,1 rescuing in hostile zones,2 exploration in

unknown environments,3 and so on.4–6 RTSs are typically

composed of a master system (MS) with the human oper-

ator and the corresponding slave systems (SSs), where the

information can be exchanged via the communication net-

work. A basic function of RTS is achieving the synchroni-

zation, which means that the SS can track the motion of the

MS controlled by the human operator. To deal with this

issue, many effective control approaches have been

reported (see, e.g.,refs 7–9 and the references therein). It

should be pointed out that the communication network has

played a key role for successful synchronization. However,

it is well known that the communication networks are with

certain constraints, such as limited transmission speed,

stability, network bandwidth, and so on.10–13 As a result,

these constraints should be addressed for the analysis and

design of RTSs.

Recently, many researchers have intensively investi-

gated the so-called event-triggered networked control sys-

tems and related results have been proposed following this

research line. Different from traditional control strategy,

the event-triggered strategy can obtain benefits in
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increasing the robustness and reliability of signal trans-

mission and decreasing the network load.14–16 Among

many event-triggered control strategies, discrete-time

event-triggered approach is designed,17,18 where the com-

puting and networking resources can be utilized more

effectively without relying on continuous-time monitor-

ing the event-triggered conditions. Although the useful-

ness of event-triggered control approaches has been

proved in many open literature, so far, there are few

results on the event-triggered synchronization problem

of RTSs, which is a challenging issue.

On another research frontline, it is noteworthy that the

controller parameter perturbations in the real-world imple-

mentation could decrease the closed-loop performance.19-22

These facts give rise to the so-called nonfragile control prob-

lem. As a result, some effective control method with regard

to gain fluctuations have been developed.23–25 In addition,

further studies have shown that the gain fluctuations often

happen in a random way,25,26 such that considering the ran-

domly occurring gain fluctuations in design can lead to less

conservatism. For the synchronization problem of RTSs in

the realistic applications, the randomly occurring gain fluc-

tuations of the synchronization controllers should be

addressed to be more practical. Unfortunately, this problem

still remains open.

The above considerations motivate us for the inves-

tigation on the event-triggered synchronization design of

RTSs with distributed information exchanges. In com-

parison with the existing results, the main contributions

of this article can be summarized as twofold: (i) A novel

asynchronous event-triggered networking strategy is

developed for the communication of the MS and

multi-SSs, where discrete-time measurement is intro-

duced and event-triggered transmission is adopted. (ii)

The developed synchronization controllers are in distrib-

uted configuration with nonfragile properties. The ran-

dom model obeying the Bernoulli distribution is used for

characterizing the randomly occurring controller gain

fluctuations.

The remainder of this arranged is arranged as follows.

Some preliminaries on the algebraic graph basics and the

RTS dynamics are first introduced. Then, the event-

triggered synchronization controllers are designed, and the

corresponding sufficient synchronization conditions are

established in the mean square sense. Furthermore, we give

the simulation results to demonstrate the effectiveness of

our developed methods. In the end, the conclusion and

discussions are given.

Notation. The notations are standard throughout this

article. Rn and Rm�n denote the n dimensional Euclidean

space and the space of m� n real matrices, respectively.

P > 0 means P is positive definite. colNfxig presents

½xT
1 ; x

T
2 ; . . . ; xT

N �
T

. A� B stands for the Kronecker product.

Ef�g denotes mathematical expectation; Prfag represents

the probability of an event a.

Preliminaries and problem formulation

Algebraic graph basics

For representing the teleoperation communication, the

undirected graph G ¼ ½V;E;A� with N nodes is utilized,

which is depicted in Figure 1. V ¼ fvigN denotes the set

of nodes, E denotes the set of edges, and A ¼ ½aij� 2 RN�N

denotes the weighted adjacency matrix with

aij > 0; ðvi; vjÞ 2 E;

aij ¼ 0; Otherwise

�
ð1Þ

G is called connected if any two nodes can be connected via

a path. L ¼ ðlijÞN�N denotes the Laplacian matrix with

lij ¼ �aij; i 6¼ j

lii ¼
XN

j¼1;i 6¼j

aij:

8><
>: ð2Þ

B ¼ diag fb1; b2; . . . ; bNg denotes the MS adjacency

matrix with

bi > 0; MS is connected with SSi

bi ¼ 0; Otherwise:

�
ð3Þ

Robotic teleoperation systems

For the sake of simplicity, consider the following RTS with

1 MS and N SSs with one degree-of-freedom27:

Figure 1. An illustration of the communication graph of 1 MS and
6 SSs, where the lines between the nodes denote the communi-
cation connections of the RTS, respectively ðb1; a12; a21; a24; a42;
a34; a43; a35; a53; a36; a63; a56; a65 > 0Þ. MS: master system; SS:
slave system; RTS: robotic teleoperation systems.
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J €qiðtÞ þ b _qiðtÞ ¼ tiðtÞ; i ¼ 0; 1; 2; . . . ;N ð4Þ

where J denotes the inertia, qi denotes the rotate angle, b

denotes the viscous fiction coefficient, and tiðtÞ denotes the

control torque.

System (4) can be rewritten in state-space formulation as

follows:

_xiðtÞ ¼ AxiðtÞ þ CtiðtÞ; i ¼ 0; 1; 2; . . . ;N ð5Þ

where xiðtÞ ¼ ½qiðtÞ; _qiðtÞ�T and

A ¼
0 1

0 �b=J

" #

C ¼
0

1=J

" #

Then, by applying the same multi-agent framework in

the work by Rakkiyappan et al.,28 system (5) can be further

described in a general framework:

MS : _x0ðtÞ ¼ Ax0ðtÞ
SSs : _xiðtÞ ¼ AxiðtÞ þ CtiðtÞ; i ¼ 1; 2; . . . ;N

�
ð6Þ

Hence, it can be verified that the synchronization is

achieved if xiðtÞ ! x0ðtÞ; t!1.

The aim of this article is to design event-triggered

controllers for RTS (equation (4)) such that the synchroni-

zation teleoperation can be achieved.

Event-triggered synchronization
controller

Assume that the controller and the actuator are event dri-

ven. For the time-driven sampler, the sampling period is set

as h. In order to trigger the transmissions, the following

function is introduced:

ti
sþ1h :¼ ti

shþ min
li�1
flihjUT

i ðti
shþ lihÞF1Uiðti

shþ lihÞ

� egT
i ðti

shþ lihÞF2giðti
shþ lihÞg

ð7Þ

Uiðti
shþ lihÞ :¼ xiðti

shþ lihÞ � xiðti
shÞ; giðti

shþ lihÞ
:¼
X
j2Ni

aij½xiðti
shÞ � xjðts� ihÞ�

þ bi

�
½xiðti

shÞ � x0ðts� ihÞ�
�

s�b arg min
k
fti

s þ li � t j
kjti

s þ li > t j
k; k 2 Ng

ð8Þ

where 0 < e < 1, F1;F2 > 0, and ti
sh are the latest sth

transmission.

Remark 1. In the proposed asynchronous event-triggered

networking strategy, once the triggering function is

satisfied, the neighboring SSs and the MS would exchange

the information to the local SS.

Consequently, the synchronization controllers for multi-

SSs are designed by

tiðtÞ ¼ �K

(X
j2Ni

aij½xiðti
shÞ � xjðti

s�hÞ�

þ bi½xiðti
shÞ � x0ðti

s�hÞ�
)
; t 2 ½ti

sh; ti
sþ1hÞ

ð9Þ

where K denotes the controller gain.

Due to the randomly occurring controller gain fluctua-

tions, the synchronization inputs are rewritten as

tiðtÞ ¼ �ðK þ bðtÞDKðtÞÞ
(X

j2Ni

aij½xiðti
shÞ � xjðti

s�hÞ�

þ bi½xiðti
shÞ � x0ðti

s�hÞ�
)
; t 2 ½ti

sh; ti
sþ1hÞ

ð10Þ

where DKðtÞ is the controller gain fluctuation satisfying

DK ¼ HCðtÞE, CT ðtÞCðtÞ 	 I ; bðtÞ is a Bernoulli-

distributed variable defined as

bðtÞ ¼
1; controller gain fluctuation happens

0; controller gain fluctuation does not happen

�
ð11Þ

Moreover, assume that

PrfbðtÞ ¼ 1g ¼ �b ð12Þ

Prf �b ðtÞ ¼ 0g ¼ 1� �b ; �b 2 0; 1� ð13Þ

Remark 2. As Bernoulli distribution has been well utilized

to represent the randomly occurring phenomenon in control

systems, the Bernoulli distribution is adopted to describe

the randomly occurring controller gain fluctuation. More-

over, in order to use the convex optimization method for

solving the controller design problem in terms of linear

matrix inequalities, DK ¼ HCðtÞE is given for matrix

inequality transformation.

Define ~xiðtÞ :¼ xiðtÞ � x0ðtÞ. The closed-loop dynamics

of the RTS can be derived as

_~xiðtÞ ¼ A~xiðtÞ � CðK þ bðtÞDKÞ
(X

j2Ni

aij½~xiðti
shÞ

� ~xjðti
s�hÞ� þ bi~xiðti

shÞ
)
; t 2 ½ti

sh; ti
sþ1hÞ

ð14Þ

The following lemma is needed for later use.

Lemma 1.29 Given LT ¼ L, real matrices H , E and FðtÞ
satisfying FT ðtÞFðtÞ 	 I . Lþ HFE þ ET FT HT < 0, if and

only if there exists e > 0, such that Lþ e�1HHTþ
eET E < 0, or equivalently

Ma and Kang 3



L H eET

� �eI 0

� � �eI

2
64

3
75 < 0: ð15Þ

Main results

In this section, sufficient mean square synchronization criteria

will be established by the linear matrix inequality technic.

Theorem 1. With the event-triggered control input (equa-

tion (10)) and connected G, the synchronization of RTS

(equation (4)) can be achieved if there exist positive sym-

metric matrices P > 0, Q > 0, F1 > 0, and F2 > 0, such

that P < 0, where

P :¼
P1 P2

? P3

� �
ð16Þ

P1 :¼
P11 G � PCK � eGT G � F2 G � PCK

? �I � Qþ eGT G � F2 0

? ? �I � F1

2
64

3
75
ð17Þ

P11 :¼ 2I � PA� 2G � PCK þ eGT G � F2 ð18Þ

P2 :¼
P21

�bG � PCH �eðI � EÞT

hGT � KT CT 0 eðI � EÞT

hGT � KT CT 0 eðI � EÞT

2
64

3
75
ð19Þ

P21 :¼ hI �AT � hGT � KT CT ð20Þ

P3 :¼
�I � Q�1 P31 eðI � EÞT

? �eI 0

? ? �eI

2
64

3
75 ð21Þ

P31 :¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�bð1� �bÞ
q

þ �b
�

G � CH ð22Þ

G :¼ Lþ B ð23Þ

Proof. For t 2 ½lh; ðl þ 1Þh
�

one has

_~xðtÞ ¼ ðI �AÞ~xðtÞ � ½ðLþ BÞ � ðCK

þ bðtÞCDKÞð~xðt � dðtÞÞ � eðlhÞÞ
ð24Þ

where ~xðtÞ ¼ colNf~xiðtÞg, dðtÞ :¼ t � lh and eðlhÞ :¼
~xðlhÞ � ~xðtshÞ

Choose the following Lyapunov–Krasovskii

function:

VðtÞ ¼ ~xT ðtÞðI � PÞ~xðtÞ
þ h

Ð 0

�h

Ð t

tþs
_~x
T ðhÞðI � QÞ _~xðhÞ dh ds:

ð25Þ

Define the infinitesimal operator L of VðtÞ as

LVðtÞ ¼ lim
D!0þ

1

D
fEfV ðt þ DÞjtg � VðtÞg ð26Þ

It yields that

EfLVðtÞg ¼ E
n

_~x
T ðtÞðI � PÞ~xðtÞ þ ~xT ðtÞðI � PÞ _~xðtÞ þ h2 _~x

T ðtÞðI � QÞ _~xðtÞ � h

ðt

t�h

_~x
T ðsÞ � ðI � QÞ _~xðsÞ ds

o
¼ E

n
2~xT ðtÞðI � PÞ½ðI �AÞ~xðtÞ � ½ðLþ BÞ � ðCK þ bðtÞCDKÞð~xðt � dðtÞÞ � eðlhÞÞ�

þ h2 _~x
T ðtÞðI � QÞ _~xðtÞ � h

ðt

t�h

_~x
T ðsÞðI � QÞ _~xðsÞ ds

o
¼ E

n
2~xT ðtÞðI � PAÞ~xðtÞ � 2~xT ðtÞ½ðLþ BÞ � ðPCK þ �bPCDK�ð~xðt � dðtÞÞÞ � eðlhÞÞ�

� h

ðt

t�h

_~x
T ðsÞðI � QÞ _~xðsÞ dsþ h2E

n
_~x
T ðtÞðI � QÞ _~xðtÞ

o
	 E

n
2~xT ðtÞðI � PAÞ~xðtÞ � 2~xT ðtÞ½ðLþ BÞ � ðPCK þ �bPDKÞ�ð~xðt � dðtÞÞÞ � eðlhÞÞ�

�
ðt

t�dðtÞ
_~x
T ðsÞ dsðI � QÞ

ðt

t�dðtÞ
_~xðsÞ dsþ h2E

n
_~x
T ðtÞðI � QÞ _~xðtÞ

o
ð27Þ

Note that ~xðt � dðtÞÞ ¼ ~xðtÞ �
Ð t

t� dðtÞ
_~x
T ðsÞ ds, it can be

derived that

E
n

_~x
T ðtÞðI � QÞ _~xðtÞ

o
¼ JT ðtÞ ~PJðtÞ ð28Þ

where

JT ðtÞ :¼ ½~xT ðtÞ;
ðt

t� dðtÞ
_~x
T ðsÞ ds; ~eT ðlhÞ�T ð29Þ
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~P :¼ ½ ðI �AÞ � ~X ~X ~X �ðI � QÞ
ðI �AT Þ � ~X

T

~X
T

~X
T

2
6664

3
7775
ð30Þ

~X :¼ ðLþ BÞ � CK þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
ðLþ BÞ � CDK

þ �bðLþ BÞ � CDK
ð31Þ

Moreover, one obtains from equation (7) that

�~eT ðlhÞðI � F1Þ~eðlhÞ þ e
�

~xT ðtÞ �
Ð t

t� dðtÞ
_~x
T ðsÞ ds

�
�½ðLþ BÞT ðLþ BÞ � F2� �

�
~xðtÞ �

Ð t

t� dðtÞ
_~x
T ðsÞ ds

�
� 0

h
ð32Þ

Hence, by Schur complement, one has if �P < 0, then

P < 0 holds, where

�P :¼
�P1

�P2

? �P3

� �
; ð33Þ

�P1 :¼
�P11

�P12

? �ðI � QÞ þ eGT G � F2

� �
ð34Þ

�P11 :¼ 2ðI � PAÞ � 2G � ðPCK þ �bPCDKÞ
þ eGT G � F2

ð35Þ

�P12 :¼ G � ðPCK þ �bPCDKÞ � eGT G � F2 ð36Þ

�P2 :¼
G � ðPCK þ �bPCDKÞ �P21

0 �P22

" #
ð37Þ

�P21 :¼ ðI �AÞT � ½G � CK þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
G

� CDK þ �bG � CDK�T
ð38Þ

�P22 :¼ ½G � CK þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
G � CDKþ�bG � CDK�T ;

ð39Þ

�P3 :¼

�P31

�P32

�P32

�ðI � QÞ�1

2
6666664

3
7777775

ð40Þ

�P31 :¼ hðI �AÞT � h½G � CK þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
G

� CDK þ �bG � CDK�T
ð41Þ

�P32 :¼ h½G � CK þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
G � CDKþ�bG � CDK�T

ð42Þ

By DK ¼ HCðtÞE, it follows that

�P ¼
�Pa

�Pb

? �Pc

" #
þ

�bG � ðPCHÞ
0

0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
þ �b

�
G � ðCHÞ

2
666664

3
777775ðI �CðtÞÞ

� ½�ðI � EÞ ðI � EÞ ðI � EÞ 0 � þ

�bG � ðPCHÞ

0

0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�bð1� �bÞ

p
þ �bÞG � ðCHÞ

2
6666664

3
7777775
ðI �CðtÞÞ � ½�ðI � EÞ ðI � EÞ ðI � EÞ 0 �

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;

T

ð43Þ

where

�Pa :¼
�Pa1 G � PCK � eGT G � F2

? �ðI � QÞ þ eGT G � F2

� �
ð44Þ

�Pa1 :¼ 2ðI � PAÞ � 2G � PCK þ eGT G � F2 ð45Þ

�Pb :¼ G � PCK hðI �AT Þ � hGT � KT CT

0 hGT � KT CT

" #
ð46Þ

�Pc :¼ �ðI � F1Þ hGT � KT CT

? �ðI � QÞ�1

" #
ð47Þ

Consequently, it can be obtained by Lemma 1 that

P < 0 holds and completes the proof.

Remark 3. It is noteworthy that the developed results of

event-triggering networking strategy can be extended to

the so-called leader–follower consensus problem of mul-

tiagent systems.28,30

Ma and Kang 5



By Theorem 1, the following Theorem is given to deal

with the synchronization controller design problem.

Theorem 2. With the event-triggered control input (equa-

tion (10)) and connected G, the synchronization of RTS

(equation (4)) can be achieved if there exist positive sym-

metric matrices ~P > 0, ~Q > 0, ~F1 > 0, ~F2 > 0 and matrix

V , such that �P < 0, where

�P :¼
�P1

�P2

? �P3

" #
; ð48Þ

�P1 :¼
�P11 G � CV � eGT G � ~F2 G � CV

? �P12 0

? ? �I � ~F1

2
64

3
75;
ð49Þ

�P11 :¼ 2I �A ~P� 2G � CV þ eGT G � ~F2; ð50Þ

�P12 :¼ I � ~Q� 2I � ~Pþ eGT G � ~F2; ð51Þ

�P2 :¼
�P21

�bG � ðCHÞ �eðI � ~PEÞT

hGT � V T CT 0 eðI � ~PEÞT

hGT � V T CT 0 eðI � ~PEÞT

2
64

3
75
ð52Þ

�P21 :¼ hðI � ~PAT Þ � hGT � V T CT ð53Þ

�P3 :¼
�I � ~Q �P31 eðI � EÞT

? �eI 0

? ? �eI

2
64

3
75 ð54Þ

�P31 :¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�bð1� �bÞ
q

þ �b
�

G � ðCHÞ ð55Þ

The synchronization controller gains can be obtained by

K ¼ V ~P
�1

.

Proof. Let ~P ¼ P�1, ~Q ¼ Q�1, V ¼ K ~P, ~F1 ¼ ~PF1
~P and

~F2 ¼ ~PF2
~P.

Noting that � ~P ~Q
�1 ~P < ~Q� 2 ~P and multiplying both

sides of P < 0 by diag fI � ~P; I � ~P; I � ~P; I ; I ; Ig, the

proof can be completed.

Remark 4. The established conditions in Theorems 1 and

2 are in the form of strict linear matrix inequalities,

which can be easily solved by Matlab or YALMIP.

These positive symmetric matrices should be chosen

appropriately to ensure that the conditions have feasible

solutions. For practical applications, once the state-space

equations can be obtained, then by solving the given

conditions, the controller gain can be determined

accordingly.

Illustrative example

In this section, simulation results are provided to show the

effectiveness of our derived results.

Consider the RTS (equation (4)) with the following

parameters as J ¼ 10 kgm2 and b ¼ 4 Nms/rad.

Moreover, the Laplacian matrix of the communication

topology is assumed to be

L ¼
1 �1 0

�1 2 �1

0 �1 1

2
64

3
75; B ¼

1 0 0

0 0 0

0 0 0

2
64

3
75

The controller gain fluctuations are set as follows:

H ¼ ½ 0:5 0:5 �

E ¼
0:2 0

0 0:2

" #

CðtÞ being Perlin noise (persistence: 0.25, octaves: 6)

and �b ¼ 0:5.

Choose the sampling period h ¼ 0:2 s, the parameter

e ¼ 0:02 and the parameter e ¼ 1. With the above para-

meters, the synchronization controller gain can be solved

by Theorem 2 as K ¼ ½0:2700; 0:3677�.
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Figure 2. Comparison results of our proposed event-triggered
scheme and the common time-triggered scheme. (a) The
dynamics of the MS and SSs with event-triggered scheme and (b)
The dynamics of the MS and SSs with time-triggered scheme.
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By setting random initial conditions, the closed-loop

dynamics of the RTS (equation (4)) with event-triggered

scheme are depicted in Figure 2(a). It can be seen that all

the SSs can track the rotate angle and the rotate angle

velocity of the MS effectively, which means that the syn-

chronization can be well achieved with our designed con-

trollers and demonstrates our theoretical results. In

addition, the closed-loop dynamics of the traditional

time-triggered case with the same sampling period

h ¼ 0:2 s is also presented in Figure 2(b). It can be found

that in the time-triggered case, the synchronization can be

achieved a bit faster than the event-triggered case since

there are more information exchanges of the RTS. How-

ever, by the corresponding broadcasting instants and

release intervals shown in Figure 3, the event-triggered

case can effectively reduce the information exchanges with

less communications, such that the communication burden

of the network can be considerably reduced with advan-

tage. In practical applications, this trade-off of the synchro-

nization time and the communication burden can be

considered according to the design requirement by adjust-

ing the event-triggered networking function.

Conclusion and discussions

In this article, the asynchronous event-triggered synchroni-

zation problem of robotic teleoperation systems is studied

with gain fluctuations. In particular, a Bernoulli distributed

variable is introduced to describe the randomly occurring

gain fluctuations. By model transformation and applying

the stochastic analysis, sufficient conditions are established

based on Lyapunov–Krasovskii functionals such that the

synchronization can be achieved in the mean square sense.

Then, the related synchronization controllers are designed

with the help of linear matrix inequalities. In the end, the

effectiveness of our proposed control method is validated

via the provided numerical simulations. In comparison with

common time-triggered schemes, our proposed event-

triggered synchronization scheme can effectively reduce

the information exchanges among the RTS. Our future

work encompasses investigating the cases with force

reflection, which is more applicable for implementations.

Acknowledgements

The authors are grateful to the editor and reviewers for their

valuable suggestions which improved this article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect

to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support

for the research, authorship, and/or publication of this article: This

work was supported by the Fundamental Research Funds for the

Central Universities under Grant FRF-TP-15-115A1 and the

National Natural Science Foundation of China under Grant

61703038, 61627808.

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100 120 140 160
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

(a)

(b)

(c)

Figure 3. Broadcasting instants and release intervals of the SSs:
(a) SS1, (b) SS2, and (c) SS3.

Ma and Kang 7



References

1. Lawrence DA. Stability and transparency in bilateral teleo-

peration. IEEE Trans Robot Autom 1993; 9(5): 624–637.

2. Hashtrudi-Zaad K and Salcudean SE. Analysis of control

architectures for teleoperation systems with impedance/

admittance master and slave manipulators. Int J Robot Res

2001; 20(6): 419–445.

3. Love LJ and Book WJ. Force reflecting teleoperation with

adaptive impedance control. IEEE Trans Syst Man Cybern B

(Cybern) 2004; 34(1): 159165.

4. Passenberg C, Peer A, and Buss M. A survey of environment,

operator-, and task-adapted controllers for teleoperation sys-

tems. Mechatronics 2010; 20(7): 787–801.

5. Sun W, Zhao Y, Li J, et al. Active suspension control with

frequency band constraints and actuator input delay. IEEE

Trans Ind Electron 2012; 59(1): 530–537.

6. Sun W, Zhao Z, and Gao H. Saturated adaptive robust control

for active suspension systems. IEEE Trans Ind Electron

2013; 60(9): 3889–3896.

7. Hosseini-Suny K, Momeni H, and Janabi-Sharifi F. Model

reference adaptive control design for a teleoperation system

with output prediction. J Intell Robot Syst 2010; 59(3–4):

319–339.

8. Khademian B and Hashtrudi-Zaad K. Dual-user teleoperation

systems: new multilateral shared control architecture and

kinesthetic performance measures. IEEE/ASME Trans 2012;

17(5): 895–906.

9. Shi M, Tao G, and Liu H. Adaptive control of teleoperation

systems. J X-Ray Sci Technol 2002; 10(1, 2): 37–57.

10. Zhang L, Gao H, and Kaynak O. Network-induced con-

straints in networked control systemsla survey. IEEE Trans

Ind Inform 2013; 9(1): 403–416.

11. Gaid MMB, Cela A, and Hamam Y. Optimal integrated con-

trol and scheduling of networked control systems with com-

munication constraints: application to a car suspension

system. IEEE Trans Control Syst Technol 2006; 14(4):

776–787.

12. Zhang W, Branicky MS, and Phillips SM. Stability of net-

worked control systems. IEEE Control Syst 2001; 21(1):

84–99.

13. Heemels WMH, Teel AR, van de Wouw N, et al. Net-

worked control systems with communication constraints:

tradeoffs between transmission intervals, delays and per-

formance. IEEE Trans Autom control 2010; 55(8):

1781–1796.

14. Dimarogonas DV, Frazzoli E, and Johansson KH. Distributed

event-triggered control for multi-agent systems. IEEE Trans

Autom Control 2012; 57(5): 1291–1297.

15. Donkers M and Heemels W. Output-based event-triggered

control with guaranteed-gain and improved and decentralized

event-triggering. IEEE Trans Autom Control 2012; 57(6):

1362–1376.

16. Fan Y, Feng G, Wang Y, et al. Distributed event- triggered

control of multi-agent systems with combinational measure-

ments. Automatica 2013; 49(2): 671–675.

17. Guo G, Ding L, and Han QL. A distributed event-triggered

transmission strategy for sampled-data consensus of multia-

gent systems. Automatica 2014; 50(5): 1489–1496.

18. Yang D, Liu X, and Chen W. Periodic event/self-triggered

consensus for general continuous-time linear multi-agent sys-

tems under general directed graphs. IET Control Theory Appl

2015; 9(3): 428–440.

19. Sakthivel R, Anbuvithya R, Mathiyalagan K, et al. Combined

h1 and passivity state estimation of memristive neural net-

works with random gain fluctuations. Neurocomputing 2015;

168: 1111–1120.

20. Lam J, Gao H, and Wang C. Stability analysis for continuous

systems with two additive time-varying delay components.

Syst Control Lett 2007; 56(1): 16–24.

21. Yu DL, Yu DW, and Gomm JB. Neural model adaptation and

predictive control of a chemical process rig. IEEE Trans

Control Syst Technol 2006; 14(5): 828–840.

22. Wong PK, Yu F, Shahangian A, et al. Closed-loop control of

cellular functions using combinatory drugs guided by a sto-

chastic search algorithm. Proc Nat Acad Sci 2008; 105(13):

5105–5110.

23. Mathiyalagan K, Lee TH, Park JH, et al. Robust passivity

based resilient control for networked h#x221E; control systems

with random gain fluctuations. Int J Rob Nonlinear Control

2016; 26(3): 426–444.

24. Anbuvithya R, Mathiyalagan K, Sakthivel R, et al. Non-

fragile synchronization of memristive bam networks with

random feedback gain fluctuations. Commun Nonlinear Sci

Numer Simulat 2015; 29(1): 427–440.

25. Zhang Z, Zhang H, and Wang Z. Non-fragile robust control

for networked control systems with long time-varying delay,

randomly occurring nonlinearity, and randomly occurring

controller gain fluctuation. Int J Rob Nonlinear Control

2016; 26(1): 125–142.

26. Fang M and Park JH. Non-fragile synchronization of neural

networks with time-varying delay and randomly occurring

controller gain fluctuation. Appl Math Comput 2013;

219(15): 8009–8017.

27. She J, Jiao SJ, Luo XY, et al. Controller design for a tele-

operation system with time delay. J Electron Sci Technol

China 2005; 1: 248–253.

28. Rakkiyappan R, Kaviarasan B, and Park JH. Leader-

following consensus for networked multi-teleoperator sys-

tems via stochastic sampled-data control. Neurocomputing

2015; 164: 272–280.

29. Xie L. Output feedback H-infinity control of systems with

parameter uncertainty. Int J Control 1996; 63(4): 741–750.

30. Cao W, Zhang J, and Ren W. Leader-follower consensus of

linear multi-agent systems with unknown external distur-

bances. Syst Control Lett 2015; 82: 64–70.

8 International Journal of Advanced Robotic Systems



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


