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Abstract

This paper revisits the coordinated tracking of networked systems in the presence of input satura-
tion. For discrete-time networked systems with high-order integrator typed dynamics and input
saturation, nonlinear feedback laws are constructed and then sufficient conditions are established
to guarantee the global consensus tracking of the systems.<{Finally, numerical simulations are
given to support the theoretical results.

Keywords: Networked system, global consensus tracking; input saturation, nonlinear feedback
laws

1. Introduction

Cooperative control of networkedisystems in which multiple agents work together to accom-
plish a task is a hot topic in these decades and absorbs more and more attention as time goes by
[1,2,3,4,5, 6, 7]. The distributediinteraction manner among agents induces some merits, such
as high computational efficiency and low enery comsumption, and considerable works about this
topic turn out, including’ consensus'[ 1, 4, 7], synchronization [8, 9], controllability [10, 11] and so
on. The investigation in the literature mentioned above and some references therein were carried
out under the premise that there was no any limitation on the movement of the agents. In other
words, all agents moved absolutely free during the process towards the destination. However, it
is impossible for agents moving absolutely free in practical engineering, due to the constrain of
the physical devices or the sensing radius limitation or some other restrictions.

One of the common constraints is the input saturation, which means the control input is
asked to locate in a bounded region [12]. Nowadays, there are lots of efforts are devoted to
the investigation of the coordination of networked systems subject to the input saturation. In
[13, 14,/15, 16, 19, 17, 20], semi-global coordinated control of general linear multi-agent sys-
tems'with input saturation had been solved on the basis of the low-gain feedback, in which each
agent is asymptotically null controllable with bounded control (ANCBC). Notice that, “semi-
global” means that the initial states of all agents should be chosen from a (arbitrarily large)
bounded region, and the role of the low-gain feedback technique is to tune the control input to be
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small enough to avoid the saturation. Note that references [17, 18, 19] took the disturbance into
consideration. In detail, [17] and [18] paid attention to the continuous-time systems with input
saturation and input additive disturbance, while [19] focused on the discrete-time multi-agent
systems with external disturbance. By adding the low-gain feedback laws to the high-gain feed-
back ones, which named the low-and-high feedback approach, robust semi-global coordinated
control of systems with input saturation and input additive disturbance as well as dead zonead
been analyzed ([17, 18]). Naturally, we want to get rid of the restriction on the initial states of
the agents. And the concept of “global” coordinated control of multi-agent systems turned out.
References [21, 22, 23] paid attention to the global coordination of multiple agents systems with
input saturation and discrete-time dynamics. The investigation were carried out for systems,with
either neutrally stable linear dynamics or the double integrator typed dynamiges, by doing trans-
formation to the system matrices. Su et al. considered the robust global coordinated tracking
of saturated systems with continuous-time dynamics and each agent being ANCBC, by design-
ing scheduled low-and-high gain feedback-based laws in [24]. Yet, the results in [24] were not
exactly distributed since the selection of the low-gain parameter in"[24] related to the real-time
states of all agents. Beyond, Zhao and Lin analyzed the global leader-following consensus of
general linear discrete-time multi-agent systems with input saturation-and each agent being AN-
CBC via multi-hop relay protocol in [25]. But it is the fact that the multi-hop relay protocol is
much more sensitive to the time delay and some other affections 26, 27].

This paper revisits the coordinated control of discrete-time networked systems subject to
input saturation from the perspective of getting rid of the restrictions on the initial states of
all agents, that is extending the semi-global results aboeut the systems with input saturation in
[13, 14, 15, 16, 17, 18, 19] to the global oneés. And the global consensus tracking of discrete-
time saturated networked systems with high-otrder integrator typed dynamics would be solved by
designing nonlinear feedback laws [28]. Compare/'with the existing global results about discrete-
time systems with input saturation in [21, 22, 23], on one hand, we dispense the premise that the
system should be neural stable. That 18y in this paper, we focused on the systems in which there
are more than two eigenvaluesequaling unity. On the other hand, we extend the systems with
double integrator dynamics‘to thoseywith high-order integrator typed dynamics. Moreover, by
constructing the nonlineat feedback laws, both the distributed problem in [24] and the multi-hop
relay induced sensitive problemyin [25] can be avoided.

The rest of this_paper is arranged as follows. Section 2 provides the necessary preliminaries
and states the main problem will be solved. Section 3 clarifies the main results of this paper,
which will beverified in section 4. At last, section 5 concludes the total paper.

2. Preliminaries/& Problem Statement

2.I*~Netations

Throughout the paper, R and R are the set of all real numbers and n X m real matrices,
respectively. Iy is the N-dimensional identity matrix. For any given matrix or vector A, A” and
Al denote its transpose and conjugate transpose, respectively, and A > 0 means each component
of’A are positive. Apnax(A) denotes the maximum eigenvalue of A, while A > (>)0 means that A
is positive (nonnegative) definite. For matrices A and B, A ® B means the Kronecker product.

2.2. Graph theory
This paper considers the global consensus tracking problem of a saturated system with N

agents. We use a graph G = {V,E, W} to describe the communication relationship among the N
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agents, in which the vertex set V = {v!,v2,--- ,v"V} and the edge set E = {(v/,1/)| if there exist
an information channel between agent v' and agent v/ } denote the agents in the network and the
neighboring interaction, respectively. W = (w'/) € RV is the adjacency matrix, where

G| LAL)€ B
Wil =
0, otherwise.

Let L = D—W be the Laplacian matrix of G, where D is a diagonal matrix with the i—th"diagonal
element being 3., w'.

Let G be a graph generated by G and an added vertex, labelled by v°. In G, W,can affect
the agents in G but not vice versa. We introduce diagonal matrix H = diag{h',h?,-- 7 h"} to
represent the communication relationship between agents in G and +° and then

W { 1, if thei — th agent in G can receive the information from s

0, otherwise.

And L + H is named the generated Laplacian matrix of G./As stated in [4], L + H > 0 if G is
connected and there is at least one agent in G informed by.)°.

2.3. Problem Statement

In this paper, we aim at investigating the global ¢ensensus of discrete-time networked systems
subject to input saturation. Consider a networked\system consists of N agents, in which each
agent moves in n dimensional Euclidean space,andjregulates itself according to the following
dynamics: ‘ ‘ ‘

X'(k + = Ax'(k) + Bu'(k), (1)
where x'(k) € R™! is the state of the ith agent at time step k, u'(k) € R™! is the control input,
. . . . T
u'(k) = ( u (k) wy(k) - pu, (k) ) is the input control and it is asked to meet that

<A <a(k) < Aforallg=1,2,--- ,m,

where A > 0 is the.saturation level. A and B are the system matrices with

1 10 0 0 0
0 1 1 0 0 0
o001 - 00 0
A= . . . . . . |eR™ B=| . |eR™™ 2)
0 0 0 11 0
0 0 0 0 1 1

The objective of this paper is to guide system (1) to track a virtual leader x°(k) in global
sense, in which the dynamics of the virtual leader is

Lk + 1) = AL K), ©)

with x%(k) € R™! is the state of the virtual leader at time step k. And the global consensus
tracking is defined in Definition 1.
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Definition 1. The system (1) can achieve global consensus, if for x'(0) € R™'(i = 1,--- ,N),
there exists

lim |x"(k)—x°(k)” =0, i=1,2---,N.

Before going on, define

(k)
) ) (k)
Pl =xk) -0, = . |
k)
then the error system of (1) and (3) is
7 (k) = AZ' (k) + Bu' (k), 4)

and the global consensus tracking problem of system (1) is equivalentto’the global stabilization
of the error system (4).

For a family of real number ® = {Gm} e define matrices
1 92 93 gn—l 9}1 1
0O 1 6 --- 6,1 6 1
Ao=| 1 1 1 AN iyt [Be=| L | )
0O 0 0 1 6, 1
0O 0 O 0 1
Based on these two matrices, we further define system
Ytk + 1) = Agy'(k) + Bo sata(u'(k)), (6)
where saty(u'(k)) = ( satA(u’i (k)) satA(ué(k)) satA(ufﬂ(k)) )T is a saturation function

with saturation level'A ([15516]). For convenience, we use the pair (A, B) and (Ag, Bg) to rep-
resent system (1)and system (6), respectively, throughout the paper. Lemma 1 discloses the
relationship between (4, B) and (Ag, Be).

Lemma 1. [28].For any family of real number ® = {6"},,=12... », let (Ao, Bo) be defined by Eq.
(5). Then, for any controllable pair (Ae, Be), there exists a coordinate change

(k) = Po k),
such that system (4) becomes system (6).

Simulated by Lemma 1, the global consensus of system (1) can be transformed to that of
system (6). And in the following, we focus on system (6).



3. Main Results

Theorem 1. Consider a connected networked systems consists of N agents in which each agent

steered by dynamics (1). If there exist a family of real number ® = {9,,,}m:12_" . satisfying
0< Z 0 < Ok < lfor k € {2 3,- } (Ao, Be) is controllable and Ag — A'Bgb is Schur
stable forl =1,2,---, N, then the control laws
i Y 1 i
uwwfaZwmmL;Z (k) = yiu(k) - 4mﬂﬂ, )
m=1 JEN()
can guide system (1) to achieve global consensus, where
=(6 6 - 6 ),
M, =1,
a8 @
0}7’1. m-
m =1+ Qpy— +l (Mm+1 - |saty,,,, (i)‘),m =1L24 - ,n—-1
0, o
withy' = Pex', o = ﬁ and ay, €[0,11m=1,2,--- ,n).
Proof. Denote !
2(k) ==y (k),
o
Eh 0 = > (2, (00= 2, (K)) = iz, k),
JENG)
Ei(k) =y w(Z () - 2(0) - hiz'k),
JEN()
Z' (k)
22(k)
k= . |
(k)
then : i )
7 (ke 1) =Ap7' (k) + BgW'(k),
Wi == " Onsatu, | D w200 = (k) = iz}, (0)
m:l JENG) )
S Z Busatyy, (1,(6))
m=1
eR.

Construct Lyapunov function

N n

v = (E®) (Ew)= D (=) vaac) (10)

i=1 i=1 m=1 m=1
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with
N

RV
Valk) = > (E1,0) (11)
i=1
forallm = 1,2,--- ,n. The consensus of system (9) will be proved by taking the derivative of
Vin(k) (m =1,2,--- ,n) according to Eq. (9).
First of all, taking the derivative of V, (k) according to Eq. (9) yields
N 2 2
Valk +1) = Vok) = )" (Bt + D) = > (E1K)

i=1 i=1

N

Ew+wiao) - (=)

i=1

[(W’(k)) —omi (k)ZQ satir, (2, (k))}

m=1

- SR

i=

Smce0<2 0 <6y <1fork=2,3,---,n, then

m=1

N N
Valk + 1) = Vi) = D [(Wih)) = 2= 0owico]] = IWi<k>|[|Wi<k>| - 2|E:;<k)|].
i=1 7=

and
n—1

(With)| = > 6, [sati, (E500)| - . st (21,00)|.

Z Ousatyg, (2,(0))

If 2 (k) ¢ [~1, 1], then |satMn (=i0)| = Tanafurther

m=1

n—1
W] 26, = 3" 6 st (25,66)|
m=1

n—1
26, — .My — Y6, ‘satMm(Efn(k))|
m=2
n—1
=6, - 0; (1 + CZ]Z—? (M2 - [satu, (Eg(k))))) = > O st (21,60
m=2

n—1

20, — 000 M + 6, [M2 - ‘sath(Eg(k))H @16, (M2 ~ [satur, (2500 ‘) D st (=5,00)|
m=3

n—1

=0, — 6, — oMy + 6>(1 — ) (M2 - 'satM =1 (k) ‘) > 6 ‘satM i k) ]
m=3

n—1

20, - 01— Mz = Y O [sat, (21,6

m=3

Substituting the definition of M, into the right hand side of the above inequality, then it follows

n—1
Wik)| 2 6, 61— 62— M5~ 6, |satMm(Ein(k))' .
m=4



Doing the same operation, it turns that

|Wik)| > 6, - i O > 0. (12)
On the other hand,
|Wik)| < iem =9,,+ni9m < 2—9n+nz_1:9m. (13)
m=1 m=1 m=1
Combing the fact Z/(k) ¢ [-1, 1] and Eq. (13), one has
|Witk)| - 2|2 ()| < [Witk)| -2 < -6, + i O = — [9,, - i 9,,1] <0. (14)
m=1 m=1

Then, it follows from Eq. (12) and Eq. (14) that

n—A
Vailk+1)=V,(k) < —[Gn - Om] <0
m=1

which implies that Z/ (k) would decrease and enter ifito,[— 1, 1] as time goes by, and then remains
in[-1,1].
Second, taking the derivative of V,,_;(k) according to Eq. (9) yields

(510

Mz

N
Virrk+ 1= Vi (0 = Y (Zhy (k+ ) =
i=1

i

N . 2
=) (@ ®) + 6,50 + W‘(k)) (Ei_,®)

i=1 i

[En (k) = ZemsatM (k))l _(Er-H (k))z}

[ Ei;_,ac)i]
m=1

'Mz

SR
—_

n—1

Ze saty, (Z5,())

m=1

Mz P

> Ousaty, (25,00)| - 2

Similarly fo the analysis for V,(k + 1) — V,(k), if E,'H(k) ¢[-1,1],

. 2
Via(k+ 1) =V, l(k)——( - l—zem] <0,

=1

i

which further implies that = 1(k) will enter into and remain in [ 1, 1]
Continuing the same operatlon to E’H(k) fori = 1,2, — 2, it turns that Zi(k) e
[-1,1] x[-1,1] X --- x [-1, 1] and the saturation on ui(k) in Eq. (7) can be avoided. Then,

n




the updating dynamics of 7/(k) is

2k +1) =AoZ (k) + Bo {— D20 > W (g = zhR) - Y omhfzfn(k)} as)

m=1 JEN() m=1
=AeZ' (k) — Beb='(k).

Furthermore,
Z(k+1) = Iy ® Ao - (L + H) ® Bob2(k). (16)
The symmetry of L leads to that there exists orthogonal matrix S, such that
A 0 .- 0
o A2 .. 0
L+H=S"| . . . |S =58T%s.
0o 0 - Y

Then, for V(k) defined in Eq. (10), let z(k) = (S ® I,,)Z(k), thére exists
Vik+ 1) =¢" (k+ D((L + HP? ® 1, ek + 1)
:ZT(k)[(IN ®Ae—(L+H)® B@0)T((L + H)%® I, )(Iy ® Ao — (L + H) ® Bob)
= (0)(Iv ® Ao — £® Bot) (L0 1,)(Iy ® Ao - £ ® Bo)[5(K)

N
=3 () (F®) [(A0 - 1Beb) (A0 - 1 Bob)[F k.
=1

1

) ) T )
Since Ag — A'Bg0is Schur stablefori ='1,--- , N, then (A@ - /l’B@)G) <A@ - /I’B@6> -1, <0and
it follows

N
Vik+ 1) K <Y (X ER) F 0 - @)L+ B @ 5|k
i=1

(17)
=" (O[(L + H)’ ® I, ]e(k) - " W[ (L + HY* ® L, ]z(h)

<0,
where V(k + 1) = V(k) = 0 if and only if z(k) = 0. Moreover, the relationship among % (k), y'(k)

and Zi(k)induces that .
klim Xk)y=0, i=1,2,---,N,

which further implies that the global consensus tracking of system (1) with the virtual leader (3)
can be achieved.
This completes the proof.

4. Numerical simulations

In this section, we provide numerical simulations to support our findings.
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We select

1 1 0
(3 )ae(2)
The saturation level is A = 2. To meet the precise of Theorem 1, we choose 6 = ( 6, 6, ) =
1
e 1)
1 1
P@"(o _4).

We choose a networked system consists of N = 6 agents and one virtual l¢ader, where the
interaction among all agents and the virtual leader is described by matricessW-and H as follows:

( o ) Obviously, one has

1
o !

—_

and

010000 0% 0.0 0 0
10100 0 0 1IN0 0 0 0

1 o101 00 1“. 000 0 0 0
W=1>loo1 010 =310 0 0 0 0 0
00010 1 000010
000010 000000

In addition, we choose a; = % € [0, 1]. And the state-of each agent, including that of the virtual
leader, is randomly selected from [-10,40].x [—10;10].

Figure 1 shows the convergence of the etror states of all agents. It is shown that the error state
between each agent and the virtualdeader would converge to zero as time goes by. As displayed
in Fig. 1 (b), y'(k) — yO(t) also converges to zero. The control input # in Fig. 1 (c) always locates
in [-A, A] = [-2,2] and approaches to'zero. All the simulations verify the effectiveness of the
theoretical results.
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Figure 1: Global consensus tracking of systemi(4) with control input (7).

5. Conclusion

In this paper, we take the netwetked systems with input saturation into consideration and
focus on the global consensus tracking of this kind of systems. For saturated networked systems
with discrete-time high-ordertintegrator dynamics, nonlinear feedback laws are constructed to
directly avoid the saturation function, and then sufficient conditions are provided to ensure the
global consensus tracking of the systems. Numerical simulations verify the theoretical results
we have obtained. In'theinear future, we will devote ourselves to the global coordinated control
of networked systems, with input saturation and input additive disturbance as well as dead zone.
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