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ABSTRACT To solve abruptly occurrence of parameters jumping and directed communication topologies
changing in the control process of networked manipulators, in this paper, distributed switched consensus
control algorithms are formulated for a group of robot manipulators in realizing cooperative consensus
performance. In fact, networked Lagrange systems are modeled as switched systems regarding the different
parameters and topologies. Namely, the dynamic models switch when the system parameters or the topology
structures change. The consensus control strategy is constructed by resorting to (improved) average dwell
time (ADT) method and sliding-mode control technique, and a unified analysis methodology is developed
to perform the convergence analysis for the closed-loop system by Lyapunov stable theory. The main contri-
bution of this paper is the development of a systematically adaptive consensus algorithm by simultaneously
considering shifting parameters and switching communication network (as two unavoidable key factors) in
the process of communication interaction among robots. A distinctive feature of the developed consensus
protocol is to introduce the directed network topology characterizing the local communication interaction
among robots, which is especially suitable for representing the the structures and features of the realistic
cooperative multi-robotic systems. Accordingly, the developed consensus tracking strategy for manipulators
possess prominent advantages including robustness,stability and effectiveness over the existing concentrated
on single robot counterparts. Finally, numerical simulations of two-link manipulators are performed to
illustrate the effectiveness of the obtained control algorithm.

INDEX TERMS Networked manipulators, switching control, parameters jump, communication topologies

change, cooperative consensus, (improved) average dwell time method.

I. INTRODUCTION

Coordination of multi-agents systems has spawned
widespread attention over the last two decades, which is
partly aroused by the vast applications in assembly lines, res-
cue, reconnaissance, etc [1]-[7]. Compared to single robot,
multiple robots can operate more complex tasks effectively
with high flexibility and reliable performance [8]-[10]. As a
matter of fact, diverse control techniques such as adaptive
control, slide mode control, tracking control, backstepping
scheme for multi-agent systems have been proposed to solve
the problem of network flocking, consensus, formation con-
trol over the last decades, please see [11]-[13]. In particular,
one of the typical cases regarding consensus for a team of
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robots is to cooperatively transport large and heavy loads,
they even need to lay down and carry up different loads
repeatedly. Accordingly, the mass center and the inertia for
each robot change with the shifting load, which leads to the
system parameters for all the agents keep switching among
several values [14]. In this paper, the two link robotic manip-
ulators are taken as typical research object to investigate the
coordinated consensus control problems.

In practical applications, robot systems inevitably possess
various uncertainty because of a large volume of complicated
factors, such as unstructured dynamics, external disturbances
and varying environments as well as the changing loads,
etc [15], [16]. Consequently, it is difficult to find accurate
dynamic models, and impractical to use basic control meth-
ods that are highly dependent on accurate model parame-
ters in the industry assembly lines. It is well known that
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robust control and adaptive control are very effective meth-
ods for dealing with system uncertainties [17]. Nevertheless,
the uncertainty caused by loads change is more prominent
compared to other uncertainties [18]. This is mainly because
the uncertainty caused by the switching loads will greatly
expand its upper bound, which results in the high energy
consumption [19]. In order to solve the above problems,
an autonomous switched control algorithm is proposed to
perform tracking control for single manipulator with shifting
loads in the reference [20], besides, a switched mode is
constructed with respect to each different load, the model
switched if the load shifts.

For another, switched system, which is composed of sub-
systems and switching rules, is a typical hybrid system, and
plays an important role in the era of intelligence [21]-[26].
Accordingly, the switched systems have attracted increas-
ing attention owing to the ability to deal with a variety
of dynamics behaviour including logic commands, varying
structures, parameters jump, etc [27]-[30]. Apart from the
loads change, the communication topologies may be unstable
in the process of coordinated control for networked robot
systems. The main reasons are originated from the failure
of information transmission among some agents, message
dropouts of the communication and external disturbance and
so on [31]-[33]. Therefore, new communication connections
will be created among the nearby agents [34]-[36]. Generally
speaking, cases including loads change or the communica-
tion structures change of the robotic manipulators can be
dealt with the switched Lagrange dynamic model. That is,
the model switches when the loads shift or the directed graphs
transform. In conclusion, the switching control algorithm is
meaningful both in system switching and topology switching
for multiple mobile robots.

Inspired in part by the aforementioned backgrounds,
the coordinated consensus for the switched multiple
Lagrangian systems are studied in the presence of the parame-
ters changing and directed topologies switching for a team of
manipulators governed by Euler-Lagrange systems. Specif-
ically, a novel distributed consensus algorithm is proposed
based on the integration of sliding-mode control scheme
and (average) ADT method to solve consensus problem,
where a smaller average dwell time is derived to guarantee
the stable of the closed-loop system. In particular, each
different load or communication topology corresponds to one
subsystem whose sub-controllers have designed beforehand.
It is noted that the switched controllers are given under the
condition that sub-controllers switch synchronously with the
switched sub-systems. The merits and novelty of this work
are summarized in the three aspects:

(i) a simple yet general analysis framework regarding
the proposed switching control algorithm is presented
to develop a unified methodology for the coopera-
tive switching control in the point view of multi-agent
systems.

(ii) the problems of model parameters jump and the switch-
ing communication topologies are all considered in the con-
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trol protocol, a smaller average dwell time is derived by ADT
and improved ADT methods.

(iii) the information interaction among the manipulators
is appropriately characterized by communication topology
under the graph theory.

The remainder of this paper is organized as follows. The
problem preliminaries are briefly provided in Section 2.
Section 3 describes switched multiple Euler-Lagrange sys-
tems. Section 4 gives the control design for multi-mobile
robots. In Section 5, examples and simulations are presented
to validate the proposed control scheme. Finally, the conclu-
sion is drawn in Section 6.

Il. PROBLEM PRELIMINARIES

A. GRAPH THEORY

The information exchange connections of n robots can be rep-
resented by a weighted directed graph G = (V, £, W), where
V=1{1,2,---n},& € VxVand W = [wjj]ux, are the node
set, edge set and the weight adjacency matrix, respectively.
(i,j) € V denotes that robot j can receive the information
form robot i. Where w;; = 0if (i, j) € £, otherwise, w;; # 0,
and w;; = 0 means that there is no self-loop. A directed
spanning tree is that a root node has a directed path to other
path. In general, we define the Laplacian matrix Ly, = [ljj]axn

n

aSl,’i = ZwijifiZj, andl,-j = —Wijifl';ﬁj.
j=1

The switching connected topologies will be described
below. For any switching signal o(¥) ¢ A = {1,2,---},
t € [ty tr41), ¥ = 0,1,3---, the switching time sequence
{t,}j'zog is assumed satisfy 7y < 1] < fp < --- < 00, where
the map o(¢) : [0, +00) is right continuous piecewise and
constant stochastic. The time subsequence r,,, with [#,, t,4+1)
can be expressed as [tr,t41) = U:Z":ll[trm, trpr)» and
trp — tr, < 8,8 > 0. The switched topology is fixed with
t € [ty,, tr,,,) such that every robot i € E is reachable in the
union graph UZ”:II G°Un) instead of every G°n) is required
to be strongly connected, then the switched topology G ()
is jointly connected. Note that, the corresponding adjacency

matrix W) and Laplace matrix Lfvm are time varying.

B. SWITCHED SYSTEMS

For the switched systems, it is commonly known that the ADT
scheme describes a large class of stable switching signals.
Consider the switched systems [38]

x(t) = fo(x) (D

where x € R” is the state, the switching signal o (¢)
[0,00) = A ={1,2,---d} is is right continuous piecewise,
and o () = p means that the pth subsystem is active. Then,
we give the switched rules regarding average dwell time for
nonlinear systems.

Let 1; = t; — t;_1 denotes the dwell time, the definition and
lemmas of (improved) ADT method are given:
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Definition 1: A switching signal o(¢) has average dwell
time 7, if there are numbers Ny, t; such that

T — 1
No(T. 1) <No+ —2 VT > 19> 0 @)
7

Lemma 1: [23] For the nonlinear switched system (1),
if there exist function U; = xTPix, i,j € A and two class
Koo functions o1 and «», a positive number A such that

arlx())? < Uix) < aallx()]?, )
8U’(x)fl(x) < —AU;0), )
Ui(x) < pUj(x). o)

(i) [ADT approach] for some positive number w, then the
switched system is globally asymptotically stable under any
switching signal with the ADT:
Inp

= (6)

(ii) [improved ADT approach (IADT)] [38] if the inequal-
ities (3)(4) hold, for some positive number p*, then the
switched system is globally asymptotically stable under any
switching signal with the ADT:

T>7

Inp* ap

= sup —. (7)
A peA il

Remark 1: The Lemma 1 (i) and (ii) are the classical ADT
approach and improved ADT (IADT) approach, respectively.
For convenience, we combine them together here. Obviously,
both ADT and IADT methods need to satisfy conditions (3)
and (4), and ADT approach also require condition (5) that
IADT approach doesn’t. As state in [38], the IADT criterion
to some extend is simpler and more significant in theoretical
analysis and control application. Especially, for linear switch-
ing systems, the minimum average dwell time required for the
TIADT method is smaller than the ADT method.

T>1F=

C. SWITCHED EULER-LAGRANGE SYSTEMS

As known to us all, a group of robots are usually used
to coordinated carry heavy or large objects in modern fac-
tory. And sometimes, they need to repeatedly lay down
and pick up different kinds of goods mechanically, which
leads to the uncertainties in the value of system parameters.
Moreover, the communication topology structures maybe
unstable and changeable for various factors including equip-
ment limitation, external disturbance, etc. Now, the switching
construction of networked manipulators will be introduced
to characterize the switching behaviour. Supposed that there
exist N manipulators, and the ith robot is described by fol-
lowing switched Lagrange systems:

Misc(q)qi + Cio (i, 3)qi + Giot)(qi) = Tior),  (8)

where o () is the switching signal, o(f) = p means that
the pth subsystem of the ith robot is active, i € E =
{1,2,---,N},qi, qi € R" are the vectors of generalized coor-

dinates and velocities, respectively, Mis()(¢;) € R"™" is a
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symmetric and positive definite inertia matrix, Cis (1)(q;, i) €
R™ " represents the coriolis and centrifugal force matrix and
Gis(1(qi) € R" represents the gravitational force, Tjs(;) € R"
is the control input of the robot i.

Remark 2: The mechanism of switching model (8) is that
when the parameters or topology change, the switching sys-
tem switches from one subsystem to another, and all sub-
systems in the switching model are different. It is practical
to assume that the times of parameter and topology shifting
is limited, which means that the number of subsystems is
also limited. Moreover, we only consider the case that all the
subsystems are stable subsystems for the switching Lagrange
system, then, corresponding sub-controller for each subsys-
tem is designed beforehand to make it stable.

For the sequel applications, several properties, definitions
and lemmas are given to facilitate the control process. First,
suppose that the Lagrange system has following properties:

Property 1: (Boundedness) [16] M;,(g;) and C;,(qg;, ¢;) are
bounded, and of) ||lxi|| < x]Mj,(g)x; < obylxill, i € E,
p EA.

Property 2: (Skew symmetric) [15] M,-p(qi) —
is skew symmetric.

Lemma 2: [4]If a directed topology graph has a directed
spanning tree, then the corresponding Laplacian matrix £,,
has only one zero eigenvalue and the other eigenvalues have
positive real parts.

Definition 2: [4] The switched control torque Ti;()(i =
1,2,---N) for a group of agents with parameter and
topologies changing is said to solve consensus problem,
if lim |lg; — ¢;ll = 0, lim [1g; — gl = 0.

=00 [—>0o0

Assumption 1: Assume that the switching communication
topology Gs(;) has a directed spanning tree in each interval
[tk, tit1]. If not, assume that every node is connected in the

union graph U " Qa(tm)

2Cip(qi> gi)

Ill. SWITCHED CONSENSUS OF EL SYSTEMS

A. CONTROL DESIGN

In this section, we deal with the adaptive switched consensus
control problems for multi-mobile robots. Assume that the
sub-controller match the active subsystem simultaneously
when the loads (parameters) shifting. Before moving on,
an auxiliary slide-mode reference variable §,; regarding posi-
tion error information is presented,

- g - ©)
jeN;

and its derivative along time ¢ is given by:

- Y Wi - (10)
jeN;

then, a slide mode vector s][’ € R” containing topological
information can be designed as:

;= ai — &y (11)
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Accordingly, the distributed switched subcontroller is formu-
lated by

Tlp - sz(f]z)qf, + Clp(ql’ 61:)(]1;1 + th(%) -

where K, is a positive definite matrix, i € E,0(t) =p € A.
Combining the Eq. (12) with (8), one can obtain the following
closed-loop system:

Mip(g)s! = —

Kipst, (12)

Cip(qir 4)S) — Kipst. (13)
B. CONVERGENCE ANALYSIS

Based on above preparations, here, we give the following the-
orems regarding switched consensus control by ADT method
and improved ADT method for multiple mobile manipula-
tors.

Theorem 1: Under Assumption 1, the switched multi-
Lagrange systems (8) can reach consensus g; — gjast — 00
by adaptive switched control protocol (12) under arbitrary
switching path o (¢) with the average dwell time:

. In (4 min

Tia > T, =——", (14)
Aimin
where
Mimin = min{;, l/«;‘k}’ Aimin = mln Aip,
Z.,peA

o o’

12 %

i = sup ’ /’Lt = sup —

S #£0,p.gen & 1 s #0,pen %i1

Proof: The proof procedure of Theorem 1 in this part
involves two steps by adopting ADT and improved ADT
method, together with lyapunov-like analysis approach. In the
first step, the minimum average dwell time by ADT and
TIADT methods will be calculated to guarantee the stability of
the switched system. In the second step, the specific trajectory
tracking for all the manipulators will be further proved.

Step 1: (1) ADT method
For the closed loop system (13), one considers following
Lyapunov function candidate:

1
Vip = EyfTM,-psf, i€, peA, (15)

differentiating the Eq. (15) along Eq.(13) yields:

YOy o= 4K, (6)

Foranyt € [t, tx+1), i € A, by using Property 1 and Eq (15),

we have:
‘ rﬁninAozf1 o’
i€e&,pe :
7117 < =171 < Vip(s))

2 2

» max a2
o i€E pEA
< 1P = ———

1712 (17)
Combining Eqs.(16) and (17), one can obtain:
Vip(s!) < —Amin(Kip) 157 [1°
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IA

2
- _pkmin(Kip)vip(Sf)
i2

= —ApVip(s)),i€ B, peA,  (18)

where A;, = alp Moreover, from Eq (17) we have:
i2
o
_Iq Viq(si']) = Wipg Viq(sf)
il
pr’r;%)j\(ﬂipq)viq(sf)

= WiVig(s}), Vi € E,

Vip (Sf) =

IA

p.qgeN 19)

Taken together, the inequations (17), (18) and (19) hold
when the subcontrollers switching synchronously with the
subsystems in the presence of the known o (¢), which satisfy

the conditions (3), (4) and (5), where Ajmin = _min A(Aip)
iel,pe
Accordingly, the switched Lagrange systems are global
asymptotic stablhty with the ADT 7;, > l' = ;_1:_;, Wi =
Sup 12
s; # £0,p,qeA ’l
(2) IADT method
Now, we further to calculate another average dwell time by
improved ADT method.

The Lyapunov function is chosen same as (15), and let
t,t, -, ty, denote the switching instant during (0, T'), for
VT > 0, and p; be the value of o(#) on the time interval
[tx—1, tx). Integrate Eq.(18) over time [t;_1, ), we have:

In Vip, [ (ti)] — In Vip, [ (tk—1)] < Aipe T (20)
Vip[sL (1)1 < e P8y, [87 (1) 1)

Combining Property 1 and Eq.(27) give

AN @I < Vip [ @)1 < e P v, [8F (1)1

A

< e M| P (1 1)|| 21 (o)l

< — Vi [ (1] < —'2 e Hin || (1)1
Olzl az]

< wre M| (1)) (22)

Therefore, for arbitrary ¢ satisfying 7y < £
,ot bty <t < tyy1, One can have:

1
o(tm)
i
1

o (tm)
i1

< I <

Isf)1* < Vio)

IA

_A""(””)U_l'”)Via(t)[éf(tm)]

IA

- e LACS]

—Lic —Im 2
g€ o s (1) |

* * —Aio (1)t —tm) —*io (tm) Em—tm—1)
= HigmPio(t, p€ o m e

X |Is? (tm—1)1I?
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N
< M;k 1_[ eaimNam(tott)_)\imTim(tOst)”Si_)(())”z, (23)

m=1

where g, = Inuj, .

Since the Lyapunov function Vj, > 0, and its derivative
Vip < 0, then we can get s; is bounded. Moreover, it is obvious
that (i, > 1, ajm > 0.

1) fa;y, = 0,1.e., u;,, = 1, from the inequality (23), we can
have:

N
[EAG] = H HnTinCo.01 52 (0)1*
<e - 0|17 (0)]|> (24)
where Ajmin = - m1n ()t,p) which indicates that the closed

E,peA
loop Lagrange systems (13) are global asymptotic stability

under arbitrary average dwell time.
(i) If a;;, # 0, together with the inequality (2), we get:

— AimTim(to, 1)
Aim
< aimNoim + (=—

Tig*

aimNam (to, 1)
= Xim)Tim(g,r)-  (25)

By combining Eq.(23) with (25), then, one can obtain:

N
”5{)([)”2 5 I‘L;k 1_[ eaimNOim([O>t)+(aim/f,'ﬂ*—)n,'m)T,'m(l(),t)
m=1
2
xI57 Ol
= ufhie OO, (26)
N

where h; = ]_[ edimNoim 3 . — mH11{ him —
result, the systems (13) are global asymptotlc stab111ty W1th
the average dwell time %, > T} = k': :: Lopf=sup zpz

s #0,pen “it

It is worth mentioning that the closed loop system (13)
can be stabilized by both ADT and IADT method, but the
obtained ADT is different since the different y;, ;. There-
fore, we take the smaller average dwell time with (14).

Step 2: Now, we further to verify that the networked
manipulators can reach consensus ¢; — ¢gj ast — 00
from the point view of multi-agent systems. For convenience,
the sliding-mode variables (11) can be written as a vector
form:

q=5"+4q=SP — (L, ® In)q, 27)

where ® denotes Kronecker product (‘11 , q2 Lo, q{,)r,

= (STT’ SgTa KO a4 = (6]1:1 , qu )T Here,

we construct a decomposition transform matrix D,

8 ra rN—1 N
-1 1 0 0

p=|0 -1 -« 0 0| (3
0 0 -1 1
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which makes that D_lﬁwpD = diag(0, —L,), where —L, €
RWV=DxWN—=1) is Hurwitz stable. Consider the coordinate
transformation:

{=D®Inq (29)
Note that the matrix D is independent of inertia of the agents,
g: riqi,
R=l@—q)" (@3—q)". - . (gn — qN_l)T]T.l_Dliffer-

entiating the system (29) and in combination with Eq.(27),
we have:

and ¢ canbe described as ¢ = [;]T, g“]{]T,where 1=

{=—-DLD ' @ L) + (D®1,)S’ (30)

we can rewrite Eq. (30) as following two parts:

O =@®IL,)s (31)
{r = —(LE, @ In)CR + sh (32)
Where r = [r19r2""’rN]T9 SI; = [(Sg - slf)Tv(sg -

Dy =T

It follows form (15)(16) that V;, > 0, and its derivative
le < 0, which indicates that sp € Lr N Ly. From Eq. (31)
we obtain that ; 1 is bounded. Slnce — L% is Hurwitz stable,
the Eq. (32) is input-to-state stable with respect to sp and ¢g.
Since the motion trajectories of robots are bounded then sp
and sp are bounded, one can get from Egs. (31), (32) that
LR 1S bounded and ;R € Lo, {1 is bounded. Differentiating
Eq. (29), that is, . = (D®I,)R, so, R is bounded. In the light
of Egs. (11) and (10), one can get i/,’,. and q/r’l are bounded.
From the closed-loop system (13), one have §; is bounded.
Since Vip = —ZsiTK,-pEi is bounded, Vip is uniformly contin-
uous. By Barbalat’s lemma, one can get sf — Qast — oo,
which reveals that g; — gj as t — oo.

By above discussion, if the ADT (14) holds, the cooper-
ative consensus is ensured by the control protocol (12) for
arbitrary switching signal, and tl;no]o lgi — gjll = 0.

Remark 3: As discussed in above section, both ADT and
improved ADT approaches are utilized to calculate the min-
imum average dwell time for guaranteeing the stability of
the switched multi-EL-systems. Moreover, the differences
between the ADT and IADT method in Theorem 1 are: (i)
ADT method needs to satisfy the condition V, < u;Vig,i €
E,p,q € A, that IADT approach doesn’t require; (2) it

is obviously that the difference of u; = sup =2 and
_ si20.p.gen !
ui = sup 22 Jeads to the different average dwell time.

si#£0pen 7

In deed, the conditions (3), (4), (5) are all satisfied in the
EL switching model investigated in this paper, we select the
smaller dwell time. In particular, if there exist the case that
the condition (5) can be ensured, the improved ADT method
can be applied.

Remark 4: Tt is worth mentioning that the cases parameter
jumping and topology switching are all considered for a team
of manipulators in the designing of the distributed consensus
tracking strategies from the point of view of multi-agent
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systems. It is obvious that the occurrence of suddenly param-
eters and communication structures changes in the control
process can result in the whole systems unstable within finite
time. The proposed switching adaptive control algorithm
can perfectly deal with these problems. Actually, we only
consider the condition that the switched Lagrange systems
autonomous match the corresponding sub-controllers once
the parameters or the communications change, the mismatch
case will study in the later works. Further more, the sys-
tem parameters and shifting loads (switching parameters) is
known.

Remark 5: So far, numerous significant switching control
techniques have been proposed for general linear and non-
linear switched systems for its widespread potential applica-
tions in various fields [21], [22], [38], [39]. But for single
manipulator, there are only few works have been down [14],
[20], [27], let alone a team of manipulators. Accordingly,
networked lagrange systems in the presence of changing
parameters (loads) and switching topologies are investigated
in this technique paper. Note that there have been a lot of
studies on switching topology for multi-agent systems, and
considerable meaningful results have been obtained [32],
[34], [35], so this paper does not take it as a key problem to
investigate.

IV. ILLUSTRATIVE EXAMPLES

In this section, numerical simulations are given to illustrate
the effectiveness and validity of our results. For ease of
calculating, we study five two-link revolute manipulators,
and assume that the parameters (loads) change and com-
munication constructs switch occur at the same time. Here,
the switching system (8) we consider contains two subsys-
tems, and the detailed parameters and communication struc-
tures are given as:

Miy(qi) = [ uitp + 2ui2p COS gi2 Ui3p + Ujzp COS g2
ip\qi) = | wizp + 2up COS gi2 Uizp ’

o [ —uipgiasingin —uin(gin + Giz2 singin)
Cip(qi, gi) = | inpign sin g 0 ,

gip = [ Uidp8Qi2 COS gi1 + Uispg COS(Gil 1)
v uispg cos(qi1 + qiz) ’

where ¢ = 9.8 m/s%, qi = (g1, qi)", uinp = minpl%, +
mop(Zy + 125) + Jitp + Jiops tinp = mippliplain, up =
Miplay + Ji, wiay = Mmitplait + miplinp, tisp = miplain,
Jip = milpl3i1/3 kg - m2’ Jip = mi2p12i2/3 kg - m2, lait =
litp/2, laiz = linp/3. Oip = [uirp, Uinp, Uizp, tigp, uispl’ , p €
A={1,2},ie .

p=1,mj =22kg, mp =2.0kg, lij1 =22m,lp =
2.5m.

p =2, mjip = 1.2+ 0.2ikg, mpr = 1.4 4 0.12ikg, l;j1o =
1.8 + 0.08im, ;o = 2.3 + 0.04im.

Example I: The switched communication topology is con-
nected. The initial conditions are chosen as g1(0) = [2, =317,
920 = [—4,2.117, g3(0) = [4,-2]", q4(0) = [5,2]",
g5(0) = [3, 2175 41(0) = [4, -217, §(0) = [—4, —2]7,
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FIGURE 1. Switching communication topology.

2t
Q15 | | | | |
1

_qﬁ

5 —ag
-10 L
0 2 4 6 8 10
time t
10
s — %
— 9%
q
S 0 T\Ijﬂ. 32 |
& A2
-5 : — %
-10 L i i i
0 2 4 6 8 10

time t

FIGURE 3. The position g;;, g;, regarding time ¢ of the five manipulators.

g3(0) = [3,51", g4(0) = [2.1,14]", §45(0) = [2.8, -2]".
The switching communication topology and switching path
are presented in Figure 1 and 2, respectively. Besides, the rel-
evant Laplacian matrix is:

2 -1 -1 0 0
0 2 0 -1 -1

Li=|l0 0o 2 -1 -1/,
o 0 o0 1 -1
0 0 0 0 0
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FIGURE 5. The position synchronization error P, ej;, P, ej; of the five
manipulators.

1 -1 0 0
0 1 -1 0
0 0 1 —1
0 0 0 0

Ly =

SO OO B

Obviously, Assumption 1 of Theorem 1 is satisfied, and
average dwell time is chosen as 7;, = 1 > 7\

The detailed simulation results are shown from Figure 1 to
6. Figure 3 shows the state of g;1, gj» about time #, which
indicates that the five manipulators achieve position syn-
chronization quickly with the proposed switched adaptive
algorithm. Noting that, the five manipulators have the jump
parameters and unstable communication structures will lead
to unstable state during the synchronization process, which is
difficult to realize the control objective by applying general
control approach. The velocities §;;, gi» of each manipu-
lator is described in Figure 4. The position synchroniza-
tion errors and velocity errors are given in Figure 5 and
Figure 6, respectively. According to the simulation results
above, we can see that the synchronization process of the five
manipulators is not affected even if there is parameter change
and communication instability by the control protocol of
Theorem 1.
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FIGURE 6. The velocity error V; ej;, V,¢j; regarding time ¢ of the five
manipulators.
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FIGURE 7. Switching communication topology.
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FIGURE 8. Switching signal.

Example 2: The switched topology is jointly connected.

With respect to the condition that switched topology G,, is
jointly connected, our results are also valid. For convenience,
the system parameters and initial conditions are chosen same
as example 1.

As shown in Figure 7, the communication topology is
jointly connected, the switching path is given in Figure 8.
It’s is easy to prove that all the conditions of Theorem 1 are
satisfied. Figure 9 and Figure 10 show the position g;1, g;» and
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FIGURE 9. The state trajectory g;;, gj, of the five robots.
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FIGURE 10. The velocities g;;, g, of the five robots.
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FIGURE 11. The position error P ej;, Pej; regarding time t of the five
robots.

the velocities g1, g;» for the five manipulators, respectively.
Finally, the position synchronization error and velocity error
are described in Figure 11 and Figure 12, respectively. Exam-
ple 2 reveals that our obtained control technique is effective
for jointly connected switching communication graph. Since
the proof process is similar to Theorem 1, we omit it and only
give the simulation results.
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FIGURE 12. The velocity error V; ej;, V5 ¢j; regarding time ¢ of the five
robots.

V. CONCLUSION

In this paper, we have studied coordinated consensus of the
switched networked Lagrangian systems under the condi-
tions of both loads shifting and directed topologies switch-
ing. Adaptive switched control protocols have been obtained
in combination with the sliding-mode surface including the
switching communication information. Further more, both
ADT and improved ADT approaches are utilized to calcu-
late the smaller average dwell time, Lyapunov-like analysis
together with slide mode technique have been applied to guar-
antee the convergence analysis for the a group of switched EL
systems. Finally, the effectiveness of the proposed approaches
have been illustrated by numerical simulations.

In our further research work, some effective control strate-
gies for a group of robot systems, such as topology-dependent
average dwell time method, adaptive fuzzy output-feedback
control, should be further investigated and fully to reduce the
conservatism [40]-[43].

REFERENCES

[1] Q. Wang, J. Fu, and J. Wang, “Cooperative tracking for high-order non-
linear multi-agent systems via adaptive control,” IET Control Theory
Appl., vol. 12, no. 11, pp. 1592-1600, Jul. 2018.

[2] Y. Xiong, N. Wu, Y. Shen, and M. Z. Win, “Cooperative network syn-
chronization: Asymptotic analysis,” IEEE Trans. Signal Process., vol. 66,
no. 3, pp. 757-772, Feb. 2018.

[3] K.-D. Nguyen and H. Dankowicz, “Cooperative control of networked

robots on a dynamic platform in the presence of communication delays,”

Int. J. Robust Nonlinear Control, vol. 27, pp. 1433-1461, 2017.

H. Cai and J. Huang, “The leader-following consensus for multiple uncer-

tain Euler-Lagrange systems with an adaptive distributed observer,” IEEE

Trans. Autom. Control, vol. 61, no. 10, pp. 3152-3157, Oct. 2016.

F. Chen, G. Feng, L. Liu, and W. Ren, “Distributed average tracking of

networked Euler-Lagrange systems,” IEEE Trans. Autom. Control, vol. 60,

no. 2, pp. 547-552, Feb. 2015.

[6] Z. Deng and Y. Hong, ‘“Multi-agent optimization design for autonomous

Lagrangian systems,” Unmanned Syst., vol. 4, no. 1, pp.5-13,

Jan. 2016.

E. Nuno, R. Ortega, L. Basanez, and D. Hill, ““Synchronization of networks

of nonidentical Euler-Lagrange systems with uncertain parameters and

communication delays,” IEEE Trans. Autom. Control, vol. 56, no. 4,

pp. 935-941, Apr. 2011.

[4

=

[5

[t

[7

—

VOLUME 9, 2021



L. Liu et al.: Consensus Control for Networked Manipulators With Switched Parameters and Topologies

IEEE Access

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

S.-J. Chung and J.-J.-E. Slotine, ““Cooperative robot control and concurrent
synchronization of Lagrangian systems,” IEEE Trans. Robot., vol. 25,
no. 3, pp. 686-700, Jun. 2009.

G. Chen and F. L. Lewis, “Distributed adaptive tracking control for syn-
chronization of unknown networked Lagrangian systems,” IEEE Trans.
Syst., Man, Cybern. B, Cybern., vol. 41, no. 3, pp. 805-816, Jun. 2011.
Y.-C. Liu and N. Chopra, “Controlled synchronization of heterogeneous
robotic manipulators in the task space,” IEEE Trans. Robot., vol. 28, no. 1,
pp. 268-275, Feb. 2012.

H. Wang, “Flocking of networked uncertain Euler-Lagrange systems on
directed graphs,” Automatica, vol. 49, no. 9, pp. 2774-2779, Sep. 2013.
E. Nuno, “Consensus of Euler-Lagrange systems using only position mea-
surements,” [EEE Trans. Control Netw. Syst., vol. 5, no. 1, pp. 489498,
Mar. 2018.

C. Luca, N. Fabio, P. Domenico, and T. Mario, ‘“‘Leader—follower for-
mation control of nonholonomic mobile robots with input constraints,”
Automatica, vol. 44, no. 5, pp. 1343-1349, 2018.

X. Wang and J. Zhao, “Switched adaptive tracking control of robot manip-
ulators with friction and changing loads,” Int. J. Syst. Sci., vol. 46, no. 6,
pp. 955-965, Apr. 2015.

T. Fukao, H. Nakagawa, and N. Adachi, “Adaptive tracking control of a
nonholonomic mobile robot,” IEEE Trans. Robot. Autom., vol. 16, no. 5,
pp. 609-615, Oct. 2000.

J. Mei, W. Ren, and G. F. Ma, “Distributes containment control for
Lagrangian networks with parametric uncertainties under a directed
graph,” Automatica, vol. 48, no. 4, pp. 652-659, 2012.

M. H. Korayem, H. Tourajizadeh, and M. Bamdad, ““Dynamic load carry-
ing capacity of flexible cable suspended robot: Robust feedback lineariza-
tion control approach,” J. Intell. Robot. Syst., vol. 3, no. 4, pp. 341-363,
2010.

A. Rojko and K. Jezernik, ‘“Fuzzy estimation of the robot load,” IFAC Int.
Fed. Autom. Control, vol. 38, no. 1, pp. 115-120, 2005.

J. Liu and X. Wang, “Advanced sliding mode control for mechanical
systems design,” Anal. MATLAB Simul., vol. 11, pp. 303-312, 2011.

X. Wang and J. Zhao, “Autonomous switched control of load shifting robot
manipulators,” IEEE Trans. Ind. Electron., vol. 64, no. 9, pp. 7161-7170,
Sep. 2017.

L. Zhu and G. Feng, “Necessary and sufficient conditions for stabil-
ity of switched nonlinear systems,” J. Franklin Inst., vol. 352, no. 1,
pp. 117-137, Jan. 2015.

D. Cheng, L. Guo, Y. Lin, and Y. Wang, ““Stabilization of switched lin-
ear systems,” IEEE Trans. Autom. Control, vol. 50, no. 5, pp. 661-666,
May 2005.

R. Guo and Y. Wang, “Stability analysis for a class of switched linear
systems,” Asian J. Control, vol. 14, no. 3, pp. 817-826, May 2012.

Y. Wang, N. Xu, Y. Liu, and X. Zhao, “Adaptive fault-tolerant control for
switched nonlinear systems based on command filter technique,” Appl.
Math. Comput., vol. 392, Mar. 2021, Art. no. 125725.

Y. Chang, S. Zhang, and N. D. Alotaibi, ““Observer-based adaptive finite-
time tracking control for a class of switched nonlinear systems with
unmodeled dynamics,” IEEE Access, vol. 8, pp. 204782-204790, 2020.
X. D. Zhao, Y. F. Yin, and Z. L. Zheng, “State-dependent switching
control of switched positive fractional-order systems,”” ISA Trans., vol. 62,
pp. 103-108, May 2016.

V. Sankaranarayanan and A. D. Mahindrakar, “‘Switched control of a
nonholonomic mobile robot,” Commun. Nonlinear Sci. Numer. Simul.,
vol. 14, no. 5, pp. 2319-2327, May 2009.

V. Sankaranarayanan, A. D. Mahindrakar, and R. N. Banavar, “A switched
controller for an underactuated underwater vehicle,” Commun. Nonlinear
Sci. Numer. Simul., vol. 13, no. 10, pp. 2266-2278, Dec. 2008.

F. Zhang, “High-speed nonsingular terminal switched sliding mode control
of robot manipulators,” IEEE/CAA J. Automatica Sinica, vol. 4, no. 4,
pp. 775-781, 2017.

Q. Xu, “Design and smooth position/force switching control of a miniature
gripper for automated microhandling,” IEEE Trans. Ind. Informat., vol. 10,
no. 2, pp. 1023-1032, May 2014.

Y. Su and J. Huang, “Stability of a class of linear switching systems with
applications to two consensus problems,” IEEE Trans. Autom. Control,
vol. 57, no. 6, pp. 1420-1430, Jun. 2012.

W. Ni and D. Cheng, “Leader-following consensus of multi-agent sys-
tems under fixed and switching topologies,” Syst. Control Lett., vol. 59,
nos. 3—4, pp. 209-217, Mar. 2010.

VOLUME 9, 2021

(33]

(34]

(35]

[36]

(37]

(38]

(391

(40]

(41]

[42]

[43]

X.-H. Chang, Q. Liu, Y.-M. Wang, and J. Xiong, “Fuzzy peak-to-peak
filtering for networked nonlinear systems with multipath data packet
dropouts,” IEEE Trans. Fuzzy Syst., vol. 27, no. 3, pp. 436-446, Mar. 2019.
Y. Liu, H. Min, S. Wang, Z. Liu, and S. Liao, “Distributed adaptive
consensus for multiple mechanical systems with switching topologies and
time-varying delay,” Syst. Control Lett., vol. 64, pp. 119-126, Feb. 2014.

H. J. Savino, C. R. P. dos Santos, F. O. Souza, L. C. A. Pimenta,
M. de Oliveira, and R. M. Palhares, ‘“Conditions for consensus of multi-
agent systems with time-delays and uncertain switching topology,” IEEE
Trans. Ind. Electron., vol. 63, no. 2, pp. 1258-1267, Feb. 2016.

J. Wei and H. Fang, ‘““Multi-agent consensus with time-varying delays and
switching topologies,” J. Syst. Eng. Electron., vol. 25, no. 3, pp. 489495,
Jun. 2014.

D. Liberzon and A. S. Morse, “‘Basic problems in stability and design of
switched system,” IEEE Control Syst., vol. 19, no. 5, pp. 59-70, Oct. 1999.
R. W. Guo, “Stability analysis of a class of switched nonlinear systems
with an improved average dwell time method,” Abstract Appl. Anal.,
vol. 2014, Nov. 2014, Art. no. 214756.

L. Liu, R.-W. Guo, and S.-P. Ma, “Input/output-to-state stability of
switched nonlinear systems with an improved average dwell time
approach,” Int. J. Control, Autom. Syst., vol. 14, no. 2, pp. 461-468,
Apr. 2016.

X. Wang and G.-H. Yang, “‘Fault-tolerant consensus tracking control for
linear multiagent systems under switching directed network,” IEEE Trans.
Cybern., vol. 50, no. 5, pp. 1921-1930, May 2020.

X. Wang and G.-H. Yang, “Distributed reliable H, consensus control for a
class of multi-agent systems under switching networks: A topology-based
average dwell time approach,” Int. J. Robust Nonlinear Control, vol. 26,
no. 13, pp. 2767-2787, Sep. 2016.

B. Wu, X.-H. Chang, and X. Zhao, “Fuzzy H, output feedback control
for nonlinear NCSs with quantization and stochastic communication pro-
tocol,” IEEE Trans. Fuzzy Syst., vol. 47, no. 8, pp. 2008-2019, Aug. 2017.
Y. Chang, Y. Wang, F. E. Alsaadi, and G. Zong, “Adaptive fuzzy output-
feedback tracking control for switched stochastic pure-feedback nonlin-
ear systems,” Int. J. Adapt. Control Signal Process., vol. 33, no. 10,
pp. 1567-1582, 2019.

LIXIA LIU received the B.S. degree in mathemat-
ics and the M.S. degree in operations research
and cybernetics from the School of Mathematics
and Statistics, Shandong Academy of Sciences,
Qilu University of Technology, Jinan, in 2014 and
2016, respectively, and the Ph.D. degree from the
Shanghai Institute of Applied Mathematics and
Mechanics, Shanghai University, China, in 2020.
She is currently a Lecturer with the School of
Mathematics and Statistics, Shandong Academy

of Sciences, Qilu University of Technology. Her research interests include
dynamics and control of nonlinear systems, multi-agent systems, and multi-
robot systems.

BIN LI received the bachelor’s degree in con-
trol science, the master’s degree in operational
research and cybernetics, and the Ph.D. degree
in pattern recognition and intelligent system from
Shandong University, China, in 2002, 2005, and
2012, respectively. He is currently an Associate
Professor with the School of Science, Qilu Uni-
versity of Technology, China, and holds a post-
doctoral position with Shandong University. His
research interests include algorithms for neural

i

networks, gait planning, and adaptive control of legged robots.

RONGWEI GUO received the B.S. degree from
the University of Jinan, China, in 2001, the M.S.
degree from Shanghai University, China, in 2004,
and the Ph.D. degree from Shandong University,
China, in 2011. He is currently a Professor with the
School of Mathematics and Statistics, Qilu Univer-
sity of Technology. His research interests include
nonlinear systems control and switched systems.

9217



