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Abstract: A periodic intermittent adaptive control method with saturation is proposed to pin the
quasi-consensus of nonlinear heterogeneous multi-agent systems with external disturbances in this
paper. A new periodic intermittent adaptive control protocol with saturation is designed to control
the internal coupling between the follower agents and the feedback gain between the leader and
the follower. In particular, we use the saturation adaptive law: when the quasi-consensus error
converges to a certain range, the adaptive coupling edge weight and the adaptive feedback gain will
not be updated. Furthermore, we propose three saturated adaptive pinning control protocols. The
quasi-consensus is achieved through its own pinning as long as the agents remain connected to each
other. Using the Lyapunov function method and inequality technique, the convergence range of
the quasi-consensus error of a heterogeneous multi-agent system is obtained. Finally, the rationality
of the proposed control protocol is verified through numerical simulation. Theoretical derivation
and simulation results show that the novel proposed periodic intermittent adaptive control method
with saturation can successfully be used to achieve the pinning of quasi-consensus of nonlinear
heterogeneous multi-agent systems.

Keywords: multi-agent systems; quasi-consensus; periodic intermittent; adaptive pinning control

1. Introduction

Scientists have conducted extensive research on the clustering phenomenon of various
organisms in nature [1] and put forward the concept of multi-agent systems (MASs). Due
to the high robustness of MASs” distributed coordinated control, they have been widely
used in practical engineering, including for UAV and robot formation, satellite orbit control,
smart power grid, collaborative monitoring and other fields [2-8]; in addition, in-depth
theoretical research has been conducted in control theory, physics, computer and other
fields [9].

For MAS distributed coordination control, the consensus problem is the typical basis
of multi-agent coordination control research. Methods of distributed consistent coordinated
control of MASs have developed rapidly in recent years, for example, the consensus of
transformation topology [10]; the consensus problem with communication delay [11]; the
second-order, high-order and even fractional-order consensus [12]; and the consensus
problem of finite time [13]. Multi-agent consensus control includes leaderless consensus
and leader-following consensus. And the control protocol value of the latter is determined
by the initial state of the agent. It has the advantage of a predetermined consensus value
for control. Therefore, it has been studied extensively in recent years. In [14], the author
uses Lyapunov stability theory to realize the leader-following consensus of second-order
MASs. A unified framework of complex network synchronization and MAS consensus
is established in [15]. In [16], output feedback and state feedback are used to study the
consensus problem of leaders and followers. In [17], the sliding mode method is used to
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solve the bounded unknown input of leads. In [18], the author realizes the leader-following
consensus for a single-integrator system.

However, the above research on MASs is based on the premise that all agents have
the same dynamics. Of course, in practical engineering, it is unrealistic to require each
agent to satisfy the same dynamics. Therefore, the research on heterogeneous multi-agent
systems (HMASs) is more practical. The current complete consensus of HMASs is not well
studied. In [19], the author parameterizes the unknown dynamic linear of agents to realize
the consistent tracking of HMASs. In [20], the distributed consensus problem of HMASs
with asymmetric input saturation is studied. However, in other studies, heterogeneity was
transformed into homogeneity [21,22] or complex compensators were added to eliminate
heterogeneity [23-26]. These methods cannot be applied in practical engineering because
of their complexity. In fact, in practical engineering applications, only a certain error range
is allowed. So, there is no need for complete consensus between HMASs. Therefore, the
research on quasi-consensus (QC) of HMASs is of more practical significance. In [27,28],
the definition of HMAS QC is proposed and expanded.

Subsequently, researchers began to achieve the QC of multi-agent systems through
sampling data control, pulse control, adaptive control and other methods [29-31]. In
particular, adaptive control is favored by researchers in the field of control because of
its many advantages in realizing collaborative control, especially its low operating cost,
fewer system requirements, high robustness and strong adaptability. Yu Wenwu et al. [29]
further studied the problem of leader-following consensus of second-order multi-agents
through the method of adaptive control. In [31], two new inequalities are proposed and an
adaptive controller is designed to realize the QC of HMASs. However, the above adaptive
control methods rely on continuous control, which is an obstacle to the application of
control methods in practical engineering, and the proposed cost-saving adaptive control
method will have great advantages. In addition, since periodic intermittent control is a
discontinuous control method, continuous control is not required. So, the cost is greatly
reduced, clearly being more in line with actual needs. Since intermittent control is activated
only at work time, its fault tolerance is greatly increased, which is important for dealing
with HMASs problems. Combining the adaptive method with the periodic intermittent
control method could be an effective approach. Motivated by the application of adaptive
control in integer and fractional complex dynamic networks [32-35], a control method based
on periodic intermittent adaptive control is proposed to realize the QC of nonlinear HMASs
with external disturbances in this paper. This control method realizes discontinuous control
and provides more possibilities for realizing control cost savings.

2. Preliminary Preparation and Model Description
2.1. Graph Theory

A graph can be used to represent the topological relationship in an HMAS. An N-
dimensional graph G = {V,E, A} includes the nodes V = (v1,vy,...,vyN), which are con-
nected to edges between differentagents E C {(i,j)|i,j € V,i # j}E C {(i,j)|i,j € V,i # j}
in the adjacency matrix A = (a;),;, - In a directed graph, the edge (7,) € E indicates
that agent j can obtain information from agent i, but agent i cannot obtain information
from agent j. For undirected graphs, the edge (7,j) € E indicates that agent i and agent j
can exchange information with each other. We assume that the topological connection is
an undirected graph, and node i and node j are called neighbor nodes in this paper. The
undirected connecting edge between node i and node j can be represented by (v;, v;) and
a;j= a;; > 0 is the weight of undirected edges (v;, v;). When node i is not connected to node
j, aij= a = 0. The degree matrix D = diag(d;) with d; = }_ a;; and the Laplace matrix

. JEN;
L= (Lij)NxN with Lij = 12;7&‘6'!,']' and L =D — A.
J=L7t

Lemma 1 [36]. The Laplacian matrix L of an undirected graph G satisfies
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1. The Laplacian matrix, L, is positive semi-definite, and its eigenvalues are O and positive.
2. The smallest nonzero eigenvalues Ay (L) satisfies

o xTLx
min
N=0x20 xTx

A2 (L) =1,

3. For any vector 1 = (y1,12, .., 1a)" € RV,
N N

1
n Ly = 5; Zi Aij (i — 77]‘)2
i=1j=

Lemma 2 [37]. Leta continuous function V : [u,00) — [0, 00), which satisfies
V(t) < —giV(H) +w? (1)

If g1 > 0,w? > 0, whent > a:

2
V(t) < V(a)exp{—gi1(t—a)} + %,t > g 2)

Lemma 3 [38]. For vector x,y € R", there is a constant v > 0, which makes the following
inequality true:
26Ty < yxTx +97 Ty ®3)

Assumption 1. Suppose the nonlinear function f(t,-) for vector &, B € R" satisfies

£ @ 6) = f(B.1)[|< 1| — ] @)
where [ is a positive constant.

Assumption 2. Suppose that the external disturbances is bounded and satisfies

lp(t) —@i(t)|] < S @)
where S; > 0

Assumption 3. Suppose the network connection topology between the following multiple agents is
undirected (L;j = Lj;); each follower can obtain the state information of the agent with the coupling
relationship and the leader agent at any time.

Definition 1. For an HMAS, if each agent can satisfy the following inequality for any state variable
of the system under the initial conditions, the entire HMAS is said to have reached QC:

lim
t—-+oc0

Zi(t)—Zo(t)”<5,i:1,2,...,N (6)

2.2. Model Description

Consider an HMAS with 1+N multi-agents; the subscripts 0 and i are used to represent
the leader and follower, respectively. The dynamic equations of the leader multi-agent and
follower multi-agent are described as follows:

zo(t) = Cozo(t) + Dof (z0(t),t) + () @)
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¢ =

CiGi(t) + Dif (Gi(t), ) + hi(zo(t),t) + @;(t) — 9(t) — C,Zl Lij(t)¢i(t) —ri(t)¢i(t),nT <t <nT+0oT

Zi(t) = CiZi(t) + Dif(zi(t)/ t) + CDi(t) + ul-(t) (8)

where z; € R" represents the follower state variable, zg € R" represents the leader state
variable, f:R" x R" x Rt — R" is a nonlinear function, Cy, Dy € R"*" is the leader
parameter matrix, C;, D; € R"*" is the parameter matrix of the ith agent, @;(t), (t) € R"
is the external time-varying disturbance, and u;(t) € R" is the control protocol.

The error is described as ¢;(t) = z;(t) — zo(t); as a result, the error model is as follows:

§i(t) = Ci&i(t) + Dif (Gi(t),t) + hi(xo(t), 1) + @;(t) — p(t) — u;(t) 9

where

f(Gi(1), 1) = f(zi(t),£) = f(20(), 1), hi20(t), 1) = (Ci — Co)zo(t) + (Di — Do) f(z0(t), £)

Consider the following control protocol for achieving QC between the leader state (7)
and the follower state (8):

u; =

—Cg Lij(t) (zj(t) — zi(t)) — ri(t)(zi(t) — zo(t)),nT < t <nT +0T
s

0,nT+oT <t<(n+1)T

(10)

where c represents the coupling strength of the communication topology in the HMASs.
For the control protocol (10), we designed the following adaptive law:

ri(t) = yime?P (zi(t) — z0(8) T (z:(t) — 20(t)) (11)
Llj(i’) = *Ki]'ﬂ'iez‘ﬁt (Z,‘(i’) — Zj(t))T(Zi(t) - Z]‘(f)), Ll‘]‘(O) = L]'i(()) >0, (l,]) €E (12)

(13)

1, when||Z||> ¢
1 0, others

where 7i,kij = Kj; are positive constants.

Remark 1. The condition of convergence can be achieved quickly by using this adaptive law. But
in this quasi-consensus study, the error converges to a certain range and does not become zero.
Therefore, when the error reaches the allowable range, the adaptive law will continue to increase
rapidly. This will increase the control cost in practical applications. Therefore, we designed an
adaptive control protocol with saturation. When the error converges to our allowable range, the
adaptive law becomes zero. In this case, the adaptive feedback gain and adaptive coupling side
weight will not be updated, which greatly reduces the practical application cost. And when the error
converges to the range that we allow, the error itself is small enough. Under the action of feedback
gain and coupling side weight, the error can be controlled within the allowable range.

In combination with (10)—(12), error model (9) is as follows:

N

2 (14)

GiGi() + Dif (§i(t), t) + hi(z0(t), £) + @i(t) — 9 (t), nT +oT <t < (n+1)T

3. Main Result
3.1. Adaptive Control Protocol

Theorem 1. If the HMAS satisfies Assumptions 1-4, the HMAS can achieve QC under the adaptive
control protocol (10) and adaptive laws (11) and (12).
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Proof: When ||C||> ¢, 71; = 1, we construct the following Lyapunov function to achieve the
QC of leader-following HMASs:

N N )2 N (#) — )2
Z Z —Zﬁt i(t) + Lij) + 12 ce— 2Pt (”z(t),y‘ i) (15)
i=1j=1

ZKiJ' 23 i

I\JM—‘

1+
= §Z & (H)i(
i—1

when nT <t <nT+o0T.
Taking the derivative of (15), we can obtain

( ZﬁC) —Zﬁt(ll(zﬂ + Z Ce_zﬁtMsz(t)

2K
=1 gl

HMZ

W0 + %g
ri(t

N
+ % ;1( 2‘3C) —Zﬁt( ) Zl ce— 2Bt (h(t) ”)rl(t)

FOGE0) + X S ODFEDN+ T O, + T e (@0 - 9(1)

Il
It

; () <c L Lij(8)g;(#) + ri(f)éi(f)>

(—2Bc)e *Zﬂfmjuz e 26 BRI (e (z4(1) — 24(1) " (=i(t) — (1)) )

Kij

[
M=
™
—

_|_
NI—
&MZ

_|_
N|— -
leﬂMZH

(~2Bc)e *2ﬁf%+lgce*2ﬂf““_ (712 (zi(1) — 20(0) " (2i(t) — 20(£))

F(OGHO + X ST ODFE®DN+ T O, + L @0 - 9(0)
t) (CZ Lij(t)¢;(t) +ri(f)§i(t)>

]
_ (D) +Lii)? N
(—2Bc)e 2pt (L ](Z)Kij i) % ;1

I
L=

|
1z

(:;'T

—~

(16)

+
N—
&Mz

. clL(8)+ L) (200~ 5(0) (20~ 5(0))
(~2pc)e 2Pl 4 2c< rilt) =) ((zi(8) = 20(0) " (z4() = z0(1)))

Vi
i=

+
N— ]
lMZ&MZ“

We can define the Laplacian matrix Q = (7;) ., Where T = —Ljj,i # j and

N
T = — Z# T;j, through Lemma 1, one can obtain
J=Lj#
1N N

EZZC(Lij(t)‘i‘Lij)((Zi(t)_Zj(t))T(Zi(t)_Z] ))Z—CZZLU €IT€]+CZZTZ]§IT§] (17)

i=1j=1 i=1j=1 i=1j=

Then one can obtain

CT

=
1
LMZ

NCED) + & ETODEN,0+ T Oz, + L e (@) - p(0)

(—2Bc)e —Zf“M—cz L wdi"g

i i=1j=1

(~2pc)e=26 On) czrzéz ¢

+
NI—
ﬂMZ

+
NI—
LMZEMZ
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Through Lemma 3 and Assumption 1, one can obtain
N N
L (DA (0,1 = L el (ODi(F(i(E) 1) ~ Flz0(8), 1)
N N
<3 LE(ODDIEM + 3 L G, = fla®. bl (18)
< %i &I (1) (DiD;T + 121,) &i(t)
and
18 1Y »
Y el (Dhi(z0(),1) < 5 Y- ET(OE(D) + 5 1 lhaCzo(e), )3 (19)
i=1 i=1 i=1
and
N 1N 1N
Y &l (@i(t) — (b)) < EZ gici+ EZS i (20)
i=1 i=1 i=1
then
V() < T OGEN + 1T T ODDT + (P +2)1 - 201) (1)
N N
+ %Elllhz( o(), 1)l12+ 3 E 8% —0121]21%9”( )Gi(£)
+ %g y ( 2‘3 ) 72ﬁt ’J(t)+L’J + %g( Z‘BC) —2pt ("z(tgy_rz)
i=1j=1 i i=1 i

N
We define 1||h(zo(t), t)| \% + 1Y S% = w?; let A be the diagonal matrix of Q). There is
i=1

a unitary matrix U = (uy,...,uy), so that UTQU = A. Let y(t) = (UT @ I,)&(t), so that

V() <&"(H)(C+ H(DDT + Iy @ (2 +2)In —2R@ 1)) = e(Q @ 1) )&(t) + 2
HAE T (-2po)e G 4 g 3 (g2t
i=1j=1 '
=Tt (c+l(DDT+IN® (12+2)In —2(R®In)))§( ) — ey ()(A® L)y(t) + w?
+AE T (-2po)e G 4 3 (g 2prlaltn”
i=1j=1 "

where C = diag(Cq,Cy,...,CN), D = diag(D1,Dy,...,Dy), R = diag(r,72,...,7N).

(21)

Through Lemma 1, since I, is positive definite, we can obtain y” (t)(A ® I,)y(t) >

/\Z(Q)yT(t)(IN ® I,)y(t); hence,

<
—
~~
~—
IN
™
ﬂ
~—~
—~
~—

—~
(@)

+3(DDT + Iy @ (12 + 2)1n —2(R® 1)) )& (t) = M)y (H)(In @ Ln)y(#) + @?

(_zﬁc)e—2ﬁtm+ Z( Zﬁc)e’wtw

_l’_
No|—
[N ngk2
M=z

I
R
bﬂ
~
e
5=

Il MZV

[uy

C+1(DDT + Iy ® (12 +2)1n —2(R® 1)) )&(t)
CT(t>(U®In)<IN®In>(uT®In)§(t) + w?
( ZIBC) —Zﬁt( 1/( )+sz + Z( zﬂc)e—Zﬁt (ri(t’)yfri)z

i

|
o
>~
N
—

+
N|—
M=z

I
ARl
~
—~
~~

C+3(DDT +Iy® (12 +2) In ~2(R@ 1)) = cAa(Q)(In @ 1) )&(F) + w?

(_zlgc)eleﬁt( ()+L1] +1 Z( 2,3C) 72‘51‘(7’1(2” r)?

4
NI\)\H
M=
T_',-MZ/\
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v(t) <&l(t) (C +3(DDT + Iy ® (2 +2)I, —2(R® L)) — cA2(Q)(IN ®In) + B(In ® In)>§(t)
N N 2
~BETOE(0 + 0P+ § T 1 (~2p0pe W BT ) B (—pe)e 2 thont
i=1j=1 i
We can choose L;; and r;, which are large enough to meet the conditions:
C+3(DDT+IN® (2+2)I, —2(R® 1)) —cA2(Q) (IN ® In) + B(IN ® 1) < 0. One

can obtain
: N N N
V() < —BE &G0+ T T (~2po)e T 44§ (a2 laition
i=1 i=1j=1 ! i
+ w?
N N N
:—mxfmﬂﬂ—zzquWL%#L—Zmd*w“i)+w
i=1 i=1j=1 '
N N
= 2B L &T (G0 + L L ee 2 G | 5 oo (ol 4 2
i=1 i=1j=1 : i=1 !
= —gq1V(t) + &? (22)

where g1 = 28.
whennT 40T <t < (n+1)T.
Similar to the discussion above, we have

V() <&T(5)(C+ H(DDT + Iy @ (12 +2) In))cj(t) +aw?
N iy )2 2
+AE T (-2po)e G 4 3 (g 2prlaltn”

i=1j=1 "
) <T(1)(C+ H(DDT + Iy e (B +2)1) + (b~ d)(fwm)c()
(A= B)ETWE) f et + 1T T (~26c)e ‘2&% (23)

[uy
—_

1:

]:
( ZIBC) —2pt 7l(t) 71)

where d — 8 > 0. One can obtain

V() <’

IN
at]

)(C+3(DDT+ Iy @ (12 + 2) In) + (B— ) (In ® 1) )&(5) + (d = B)ET (HE(1) + 2

N g
Z ( ‘BC> ,zﬁtw ( IBC) e 2Pt ('?()7 "1)

+
M= I =

iy

—.

& dee-2Pt (L) 5 dce—z,St () r)’

i i=1

+

—_

—

We choose d, B to meet the conditions . One can obtain

V() <&T(t) (c +3(DDT + Iy ® (l2 +2)I) + (B—d)(IN® In))é(f)
(L) +Ly)*

HA= BT +e? + & T (- plee 2 Blg

i=1j=

72 £ (ri(t)— rz)
+ Z (d — B)ce % T
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o 2Pt (Lij(t)+Ly)?

N

<@-pL r(ngit )+121]Z (d — B)ce 7

Y d p)ce26t tuln® L 2

i=1
= 2 ﬁ><%z¢?<t>éf<t>+;§ e “)

i=1 i=1j=1 : 25

+ w? /

=g V(t) +w?
(24)

where ¢ = 2(d — B).
Combining (22) and (24), we have

V(t) < —g1V(t) + @ nT <t <nT+¢T
V() < @V() +w?nT+oT <t < (n+1)T

(25)

through Lemma 2, when nT < t < nT + ¢T, we have the following
A lw?
V((t) < V(G(nT))exp(—g1(t —nT)) + }71 (26)

Simultaneously, when nT 4+ ¢T < t < (n+1)T, we have
A w
— (27)

V(E(#) < V(E(nT +oT)) exp(ga(t —nT —oT)) — s

Combining this with (27), we have
V(t) < V(nT)exp(—gi(t —nT)) gf, T<t<nT+oT 28)
V(t) < V(nT+oT)exp(ga(t — nT —0T)) — L, nT+0T <t < (n+1)T

Similar to the discussion in [37], when t > 0if 1 > g10 — g2(1 — 0) > 0, we obtain the

following inequality:
- ing)) (29)

i=

V(t) < V(0)exp(—g10t + g2(1 —0)t) + ((;2 (l + iexp(igz(T —0oT)

So, we can obtain:
1 &y —opt (Lij(t ) —2pt (ri(t ) i)

i=1 z 1j=1
< V(0)exp(—g10t + g2(1 — ))+“’ (1+ Y exp(zgz(T oT) — iglaT)>

(30)

2 n
2?2 < V(0)exp(—g10t + g2(1—0)t) + % (1 + Y exp(ig2(T —oT) — ing))
1 i=1

1
o

When N — +o00, one has:
1
(31)

1+ )Y exp(igo(T —0T) —ig0T) —
1; p(gZ( ) 81 ) 1—exp(g2(T—c7T)—g1(TT)
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+

%g %(*2[%)6_2&%+ 2( 2Bc)e—26t (1=

=1

i=1j=

Then, the margin of error convergence can be obtained:

2w? 1
1E@1 < \/&<1_exp(g2(T—aT)—g10T)> >

So far, it has been proved that the leader (7) and follower system (8) achieve QC, and
the error range bounds of consensus are obtained. [J

3.2. Adaptive Pinning Control

The control protocol (10) and adaptive laws (11) and (12) are used to control the whole
situation. Each follower exchanges information with the leader. However, it is impractical
and costly in practical engineering applications. In practical engineering, under large-scale
tracking control, it is exceedingly expensive to maintain the information exchange between
the leader and all followers, which will greatly hinder the application of distributed control
methods. Therefore, this paper will continue to study the pinning control protocol. We
only use adaptive laws for partial coupling topologies and the leader only interacts with
some followers. We propose three pinning control schemes.

Pinning 1. We use the following control protocol and adaptive laws (11) and (12).

—w2L¢><araﬁ»—amo@uwaummTStsmva
u; = j=1 (33)

O,nT+oT <t<(mn+1)T
whered; = 1fori=1,2,...,Ngsand d; =0fori = Ng+1,...,N.

Theorem 2. If the HMAS satisfies Assumptions 14, the HMAS can achieve QC under the adaptive
control protocol (33) and adaptive laws (11) and (12).

Proof. When ||||> €, 1; = 1. We construct the following Lyapunov function to achieve
the QC of leader-following HMASs:

( ) + Ll] —2pt \Vilt) —Ti) 7’1 — i)2
- ce 34
2K1] Z ')/i 59

N N
Yy o

i=1j=1

I\JM—‘

1Y,
= §Z§i (£)Gi(t) +
i—1

when nT <t <nT+oT.
Taking the derivative of (34), we have

- N ~ Li(H)+L —opt (Lij()+L;
V@z@ﬁ@ﬁ%&%i(%@*”*ﬁf + E e G
1= 1= / =

N,
+ %.Zi(_zﬁc)eizﬁt (ri(t ) 71 4 21 Ce*Zﬁt (ri(t)=ri) ) rr) ( )
1= 1=

T(6)Cigi(t >+%§ &r(t) (DD + (12 +2) I, — 20,71, ) & (t )—cz » ;&L (1)E;(t) + w?

i=1j=1

1
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+;<DDT+IN®(12+2)1n—2<1~2®1n>>)é(t)
(@ )(1N®In)+ﬁ(IN®In)) () — BET(H)E(t) + w?

= ()(c
N N
4 % Z ;1( 2ﬁC) 72’Bt (Ll](t)+Lz] + E( Z,BC) 72’3t (Yl(t?)/i—ri)z
N N N 3 .
< —2p(38 TWEW + 31 & el gy cezﬁf“"“’y.—“’z) to?
i=1 i=1j=1 ! i=1 !
=—gV(t) + w?

Il
—_
-.

<

N

where R = diag(r1,72,...,7Ng,0,...,0).
When nT + 0T < t < (n+1)T, it is similar to Theorem 1. Hence, we have

(35)

V(t) < —g1V(t) + @ nT <t <nT+¢T
V() < @Vt +w*,nT+oT <t < (n+1)T

The rest of the proof is the same as Theorem 1. [J

Pinning 2. We use the control protocol (10) and adaptive law (11) and the following adaptive laws:

Lij(t) = —xije® (zi(t) — z;() " (z:(t) — 2;(1)), Liz(0) = L;z(0) > 0, (i, ) € E (36)

_ {1, when||Z||> ¢ (37)

0, others
where E is the subset of E, and E is connected.

Theorem 3. If theHMAS satisfies Assumptions 1-4, the HMAS can achieve QC under the adaptive
control protocol (10)and adaptive laws (11) and (36).

Proof. When ||||> €, 1; = 1. We construct the following Lyapunov function to achieve
the QC of leader-following HMASs:

2

Li) —1;)?
I R A L (Lij(£) + Lij) Z _op (ri(t) —1i)”
ce ce
2K1] r)/i

=

[l

|
7
R
::]
I\JM—\
[\12

(38)

i=1 i=1

(1])€E

where Lij = L; > 0, (i,j) € Eand Lyj = 0, (i # j). Let Q = (ﬁj)NxN, where T = Liji # ]

~ N o
and 7; = — ), Tj; then,
J=Lj#
Lij(O), (l,]) € E—E
N
Gj=9—- ¥ Lj0), i=j (39)
J=Lj#
0, other

when nT <t <nT+o0oT.
Taking the derivative of (39), we have
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2

N N . » N
V= S ETOEBO+LY T (—2pc)e ) | f e e O
i—1" i=1 ij =1, .~ “ij /
N (z])e N (i,j)€eE
2
+ % Z ( 2ﬁC) 72/51? (1’1( = —1;) + Z CEiZ‘Bt 7‘1(% rl)rii(t)

Il
—
—

i=

V() < 3 ETOCE®) + 1T &7 (DD + (P +2)ln — 20l) () + ¢ % % Ga(el (0E (1) —cX. T wieT (E(0)

i=1 i=1 i=1j=1 i=1 (1])€E

+wlt g v ¥ (= ZﬁC)E’zﬁtWJr;Z( 2/3c)6725t(ff<f)wifff)2
1 1 i i
(z])eE

~

V() <&t ()<C+ (DDT + Iy ® (P +2)I, 2(R®1n))+c(G®In)—cAz(Q>(1N®1n)+ﬁ(IN®In)>§(t)

= BET(HE(t) + w* + 5 Z r (- Zﬁc)efzﬁtM_k Z( 2Bc)e—2p 1)

i
1 ! (i, ])GE
N -~ ; t +Ll _ A2
< —zﬁ(%z TWHEn+IE L oce ZﬁfM+ 5 ce zww) b2
i=1 i=1 171
(i ])GE
= -1V (t) + &’
where G = (Gjj) ., -
When nT + 0T < t < (n+1)T, it is similar to Theorem 1. And the rest of the proof is
the same as Theorem 1. [J
Pinning 3. We consider the control protocol (33) and adaptive laws (11) and (36).
Theorem 4. If the HMIAS satisfies Assumptions 1-4, the HMAS can achieve QC under the adaptive
control protocol (33) and adaptive laws (11) and (36).
Proof. When ||||> €, 71; = 1, we construct the following Lyapunov function to achieve the
QC of leader-following HMASs:
S x Ly + L) 13 :
Ly ar 1 —opt (Lij(£) + Lij Iy ope(ri(t) = i)
— EZ@ (HE:(H) + EZ che B T + 7;C€ B % (40)
i=1 i=1,.. ] i=1
(ij)eE
when nT <t < nT+o0T.
Taking the derivative of (40), we have
~ N T 1 _opt (L 1]<t>+L,] _opt (Lif()+Lij)
V)= LG (0&G(H) +21 X (—2pc)e P =g+ Z L ce P ()
i=1 =1, . % Kij
(i,j)eE (1])6E
1N —2pt (ri()=r)” N —2pt (ri(t)—ri)
+ Q'Zl(—Zch)e B ‘21 ce” P ()
1= 1=

V(t) < ¥ &N (OCE() + 1 ch()( DT+ (P +2) L~ 20L& +c & 3 Gyl (&) % £ wel (05

i=1 i=1j=1 i=1 (1])EE

N
+w2+%'2 Y (—Zﬁc)elejt( ij (* )+Lu +1 Z( —2Bc)e2pt (ri(t)=r:)*

Kz] Yi
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V(t) <&T(h) (C +3 (DDT +IN® (P+2)], — 2<1N% ® m)) +c(G®Iy) — cAy (Q) (IN® )+ B(IN® In)>§(t)

2

—BTOR0 AL E E (-2pe G 1Y oottt

—1V(t

)

+ w?

=Lij)eE

1

_2ﬁ(§z¢?<t)¢i()+ Y T cefzwi“v“) Lyl zcezwwmz) +w?

-

i=1 171

(1])€E

~

where G = (Gif)NxN’ R = diag(r1,72,...,7Nng,0,...,0).
When nT + 0T <t < (n+1)T, it is similar to Theorem 1. And the rest of the proof is
the same as Theorem 1. [J

4. Numerical Examples

In this part, we will prove the effectiveness of the proposed control protocol us-
ing several simulation examples. Assume that the HMAS contains one leader agent
and five follower agents. For the leader system (7), assume the external disturbance is
¥(t) = (0,0,0)T. For the follower system (8), the external disturbance is defined as
@;(t) = (0.1sintcost,0.2sin t,0.3 cos t)T.

Example 1. Assume the agent dynamics are described by a classical Chua circuit system model.

In the leader system (7), the linear part is presented as z(t) = (201,202,203)T, and
the nonlinear part is presented as f(zo,t) = (0.5(|zo1 + 1|—|z01 — 1), 0, 0)". The system

0 —-18 0 0 0 O
(8), the linear part can be described as z;(t) = (Zl‘l,Zl‘z,Zig)T, and the nonlinear part can

be described as f(z;,t) = (0.5(|zjp + 1|—|zi1 — 1]),0,0)”. Assume that the matrix of the
follower system is

—25+02i 10+03i 0 200
Ci=| 1+01i -1401i 1401, D;=(0 0 0
0 00

0 —18 +0.3i 0

-25 10 0 200
matrix selection is Cy = 1 —1 1],Dg=10 0 O0]. Forthe follower system

For state variables, we choose the initial value zp(0) = (2.9,0.75,0.1)7, and
2i(0) = (1042i,4+1i,5+2i)". The state changes of the HMASs without the control
protocol are shown in Figure 1. It can be concluded from Figure 1 that, when we do not
add control protocols, the state changes of the system increase.

The simulation results after adding the control protocol are shown in Figure 2.

Figure 2a shows the errors under the adaptive control protocol (10) and adaptive laws
(11) and (12). We pick the arbitrary value r(0) = (3.3,4.1,2.8,1.6, 1.9)T, and
B = 0.1y; = (0.010,0.011,0.012,0.013,0.014), k1 = k3 = 1.7,k53 = x33 = 1.5,
K14 = K41 = 1.9 K15 = K51 = 1.3,1(24 = Ky4p = 1.5, K45 = K54 = 1.5. It can be concluded from
Figure 2a that the errors of the leader system (7) and follower system (8) converge to a
bounded range. And the HMAS can achieve QC via the adaptive control protocol (10) and
adaptive laws (11) and (12).

Figure 2b shows the errors under the adaptive control protocol (33) and adaptive
laws (11) and (12). Assume that the leader only exchanges information with nodes 1 and
nodes 2. We pick the arbitrary values r(0) = (2.9,3.6)7, and g = 0.1y; = (0.10,0.11),
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K12 = Kp1 = 1.7,K13 = K31 = 1.5, K14 = K41 = 1.9, K15 = K51 = 1.3,K24 = K4p = 1.5, and
K45 = K54 = 1.5.

4
10
(S) & T T T T ,"‘
[T, N\
H"vc:(’)ll_j J‘ ‘I
_ 6l :
\ - = [ |
| IO ||
o - |
~ 1€, N
S ]
g" | \
— ot
] L . f/’ \ /
0 . s AL S
0 2 4 6 8 10

Figure 1. The errors ||§;(t)||,without adding control protocols.

Figure 2c shows the errors under the adaptive control protocol (10) and adaptive laws
(11), (12), and (36). We pick the arbitrary value r(0) = (1.5,1.3,1.6,1.1,1.2)T, and g =
01’)/1 = (0010, 0.011,0.012,0.013, 0014), K14 = K41 = 1.9, K15 = K51 = 1.3, Koq = K4 = 1.5.

Figure 2d shows the errors under the adaptive control protocol (33) and adaptive laws
(11) and (36). Assume that the leader only exchanges information with nodes 1 and nodes
2. We pick the arbitrary value 7(0) = (2.7,35,3.3)", and B = 0.1; = (0.10,0.11,0.12),
K14 = K41 = 1.9, K15 = K51 = 1.5, and Kog = Kgp = 1.5.

It can be concluded from Figure 2b—d that the errors of the leader system (7) and
follower system (8) converge to a bounded range. And the HMASs can achieve QC by
using three saturated adaptive pinning control protocols.

Example 2. Assume the agent dynamics are described by a classical Chen circuit system model.

For the leader system (7), the linear part is presented as zo(t) = (zo1, zop, 203)T and the
nonlinear part is presented as f(zo,t) = (0, zp1z03, 201202)T. The system matrix selection

28 —28 0 1 0 0

is Co = ( 7 =35 0) , Dy = (0 1 O) . For the follower system (8), the linear part
0O -3 0 0 0 1

can be described as z;(t) = (Zl‘l,Zl'z,Zl'g)T and the nonlinear part can be described as

f(zi,t) = (0,z12i3, zilziz)T. Assume that the matrix of the follower system is

284+i —28+i O 1 00
Ci=|7+i -35+2i 0|,D;=(0 1 0
0 —3+i 0 0 01

For state variables, we choose the initial value zo(0) = (—9,14,20)7, and z;(0) =
(=9+2i,—14+i,20—i )T. The state changes of the HMAS without the control protocol
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are shown in Figure 3. It can be concluded from Figure 3 that when we do not add control
protocols, the state changes of the system increase.
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Figure 2. The errors ||Z;(t)||, under the control protocol. (a) is the errors without pinning; (b) is the
errors under the pinning 1; (c) is the errors under the pinning 2; (d) is the errors under the pinning 3.

The simulation results after adding the control protocol are shown in Figure 4.

Figure 4a shows the errors under the adaptive control protocol (10) and adaptive laws
(11) and (12). We pick the arbitrary value r(0) = (2.7,3.2,24,31, 1.5)T, and
ﬁ = 0.1’)/1‘ = (0.010, 0.011, 0.012,0.013, 0.014), K12 = Kp1 = 1.7, K13 = K31 = 1.5,
Kig = K41 = 1.9 K15 = k51 = 1.3, Kog4 = k4o = 1.5, K45 = k54 = 1.5. It can be concluded from
Figure 4a that the errors of the leader system (7) and follower system (8) converge to a
bounded range. And the HMASs can achieve QC by using the adaptive control protocol
(10) and adaptive laws (11) and (12).

Figure 4b shows the errors under the adaptive control protocol (33) and adaptive
laws (11) and (12). Assume that the leader only exchanges information with nodes 1 and
nodes 2. We pick the arbitrary value r(0) = (27,3.2)", and B = 0.1v; = (0.10,0.11),
K12 = Kp1 = 1.7, K13 — K31 — 1.5, K14 = K41 = 1.9, K15 = K51 — 1.3, Kog = K4 = 1.5, and
K45 = K54 = 1.5.

Figure 4c shows the errors under the adaptive control protocol (10) and adaptive laws
(11), (12), and (36). We pick the arbitrary value (0) = (2.7,3.2,2.4,3.1, 1.5)T, and § =0.1
Yi = (0.010, 0.011, 0.012, 0.013,0.014), K14 = K41 = 1.9, K15 = K51 = 1.3, Kog = Kygp = 1.5.
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Figure 3. The errors ||&;(t)||, without adding control protocols.
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Figure 4. The errors ||Z;(t)||, under the control protocol. (a) is the errors without pinning; (b) is the
errors under the pinning 1; (c) is the errors under the pinning 2; (d) is the errors under the pinning 3.



Entropy 2023, 25, 1266

16 of 20

Figure 4d shows the errors under the adaptive control protocol (33) and adaptive laws
(11) and (36). Assume that the leader only exchanges information with nodes 1 and nodes
2. We pick the arbitrary value r(0) = (2.7,3.2,2.4)T, and g = 0.1 9; = (0.10,0.11,0.12),
K14 = K41 = 1.9, K15 — K51 = 1.5, and Kog = Kgp = 1.5.

It can be concluded from Figure 4b—d that the errors of the leader system (7) and
follower system (8) converge to a bounded range. And the HMASs can achieve QC by
using the three saturated adaptive pinning control protocols.

Example 3. Assume the agent dynamics are described by a manipulator system with
flexible joints model, whose dynamic system is as follows:

G'm = Wy
Wi = (01— Om) = from + JEu a
61 = w1
. ho .
wy = f%(G —O0p) — %sm(el)

Letz= (0 wm 61 wi) ’The nonlinear dynamics of the robotic arm system are
equivalent to

2(t) = Az(t) + f(2) + g(y)u(t) (42)
Let ¢(y) = I,. For the leader system (7), the linear part is presented as zo(t) =
(201,202,203,204)T and the nonlinear part is presented as f(zo,t) = (0,0,0, % sin (2033)T.

The system matrix selection is Cp = 7%8'6 *10'25 4%-6 (1) Dy = 8 é (1) 8
19.5 0 -195 0 00 0 1

For the follower system (8), the linear part can be described as z;(t) = (zj1, zi2, z,-3)T and the

nonlinear part can be described as f(z;,t) = (0,0,0, 1 sin (zl-33)T. Assume that the matrix
of the follower system is

0 1+0.1i 0 0 1000
C— —48.64+0.5i —1.25+0.1i 48.6-+0.6i 0 D — 0100
e 0 0 0 1402 "7 |0 0 1 0
19.5+0.3i 0 —19.5+0.2i 0 0 0 01

For state variables, we choose the initial value zyp(0) = (0.2,0.5,0.7, 0.3)T, and

2i(0) = (0.3 +1.2i,0.5 4 1.1i,0.8 + 1.37,0.4 + 1.5i)". The state changes of the HMASs with-
out the control protocol are shown in Figure 5. It can be concluded from Figure 5 that,
when we do not add control protocols, the state changes of the system increase.

The simulation results after adding the control protocol are shown in Figure 6.

Figure 6a shows the errors under the adaptive control protocol (10) and adaptive
laws (11) and (12). We pick the arbitrary value r(0) = (1.3,2.1,0.4,0.7, 0.1)T, and g =0.1
Yi = (0.010, 0.009, 0.010, 0.008, 0.012), K12 = K1 = 0.3, K13 = K31 = 0.3, K14 = K41 = 0.45
K15 = k51 = 0.55, K03 = K3p = 0.65, k35 = k50 = 0.6, k34 = K43 = 0.4. It can be concluded
from Figure 6a that the errors of the leader system (7) and follower system (8) converge to a
bounded range. And the HMASs can achieve QC when using the adaptive control protocol
(10) and adaptive laws (11) and (12).

Figure 6b shows the errors under the adaptive control protocol (33) and adaptive
laws (11) and (12). Assume that the leader only exchanges information with nodes 1 and
nodes 2. We pick the arbitrary value r(0) = (1.3,2.1)7, and g = 0.1 9; = (0.010,0.009),
K12 = Ko1 = 0.3, K13 = K31 = 0.3, K14 = K41 = 0.45, and K15 = K51 = 0.55.
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Figure 6. The errors ||Z;(t)||, under the control protocol. (a) is the errors without pinning; (b) is the
errors under the pinning 1; (c) is the errors under the pinning 2; (d) is the errors under the pinning 3.
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Figure 6¢ shows the errors under the adaptive control protocol (10) and adaptive laws
(11), (12), and (36). We pick the arbitrary value r(0) = (1.3,2.1,0.4,0.7, 0.1)T, and p=0.1
Yi = (0010,0009, 0.010, 0008,0012), K14 = K41 = 1.9, K15 = K51 = 1.3, Kogq = K4 = 1.5.

Figure 6d shows the errors under the adaptive control protocol (33) and adaptive laws
(11) and (36). Assume that the leader only exchanges information with nodes 1 and nodes
2. We pick the arbitrary value r(0) = (2.7,3.5,3.3)T, and g = 0.1y; = (0.010,0.009,0.010),
K14 = K41 = 1.9, K15 = K51 = 1.3, and Kog4 = K4p = 1.5.

It can be concluded from Figure 6b—d that the errors of the leader system (7) and
follower system (8) converge to a bounded range. And the HMASs can achieve QC by
using three saturated adaptive pinning control protocols.

From the above three simulations, we can see the effectiveness of our proposed
saturated adaptive control protocol, and it can be widely used in various models. From the
simulations of three saturated adaptive pinning control protocols, it can be clearly seen that
distributed control has high robustness. By appropriately increasing the coupling strength
or feedback gain, the error caused by the loss of control can be compensated for.

Remark 2. Like existing works [11-31], we deal with this open problem with theoretical derivation
and numerical simulation. It is worth noting that, to expand the application scope of the proposed
control method, we chose a universal unified multi-agent system model, without establishing a
system model for specific applications. At the same time, to reduce the complexity of the control
method and the theoretical derivation, we simplified the system appropriately and adopted a more
idealized normalized model. From the perspective of control method research, it is reasonable and
feasible to verify the effectiveness and correctness of the proposed control methods via numerical
simulation. Within our research framework, one can construct a system model for a specific
application by considering suitable environment and detailed parameters for specific applications,
such as multi-robot formation and multi-UAV formation. In addition, to facilitate engineering
applications, we should consider more complex factors and more realistic working conditions, such
as limited communication, unpredictable state, unknown parameters, perturbations, time delays,
and so on. In this way, the proposed control methods might be practically tested and verified through
real-world experiments.

5. Conclusions

The QC of nonlinear HMASs with an external interference is studied in this paper.
Firstly, we design a periodic intermittent adaptive control protocol with saturation, which
controls both the internal coupling between follower agents and the communication be-
tween the leader and follower. Then, the feasibility of the control protocol is proved
theoretically using the Lyapunov function method. The convergence range of the QC error
is obtained by using lemma and inequality techniques. Furthermore, three cost-saving
saturated adaptive pinning control protocols are proposed. Adaptive feedback gain is
applied to only some of the followers, and only some the followers can interact with each
other. Due to the coupling effect inside the HMAS, the QC of the whole HMAS can be
achieved as long as each agent is connected. The adaptive check control protocol greatly
saves on control costs and demonstrates the high robustness of the distributed control.
Finally, the correctness of the control protocol is proved through four numerical simulations.
Although this paper presents a novel and reasonable control method, it is still difficult to
fully apply it in practical engineering applications. The main reason for this is that the
model is not fully consistent with the actual model. Therefore, in future work, in order to
make the research method and results more practical, we will apply the theoretical method
to the collaborative control of UAVs and robots as the focus of our next study.
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