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Abstract This study investigates the consensus of switched positive multiagent systems with switched topologies. Each agent in the
system is governed by its own switching law, while the network topology switches according to a separate and independent switching law.
Double observers are first designed individually for the state and disturbance. Linear programming and copositive Lyapunov functions
are utilized to handle the leader-following consensus of systems with a single leader and multiple leaders. The contributions of this work
are as follows. (i) A double-observer framework is established for switched positive multiagents. (ii) The leader-following consensus is
solved using a linear approach. (iii) A linear programming-based design approach is proposed for the gain design of observers and control
protocols. Finally, an example is provided to demonstrate the validity of the design.
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1 Introduction

In recent years, multiagent systems (MASs) have attracted considerable attention owing to their theoretical com-
plexity and wide applications in formation control [1], fuzzy control [2], clustering [3], etc. [4-8]. In practical
applications, many dynamic processes involve non-negative quantities such as insect population, electric current,
and container volumes. It is essential to employ positive systems to model these processes [9,10]. Positive systems
are an important class of systems whose states and outputs are always nonnegative [11-13]. Control problems
related to vehicle formations, vessel fleets, and unmanned-aircraft clusters can be described as agents with positive
characteristics. Thus, MASs with positive properties hold both theoretical and practical significance. A previous
study [14] proposed a control reconstruction technique based on linear programming (LP) and addressed the positive
consensus of homogeneous positive MASs (PMASs). Another work [15] proposed certain necessary and sufficient
conditions and an effective algorithm to solve the positivity-preserving consensus problem in PMASs. More results
on PMASSs can be found in [16-19]. With the development of MASs, an important class of hybrid MASs, namely,
switched MASs (SMASs), was introduced by Olfati-Saber [20]. SMASs possess the properties of both switched
systems and MASs and have powerful modeling ability to describe agents with multiple modes and the status of
multiple studies of MASs [21-30]. However, research on switched PMASs (SPMASs) is sparse. To the best of the
authors’ knowledge, there is no unified consensus on SPMASs. Moreover, the existing consensus design of MASs is
unsuitable for SPMASs owing to the unique characteristics of PMASs.

The problem of consensus is an important issue for MASs. Some results of attempts to tackle the consensus
problem are presented in [21-30]. For the scenario in which each agent contains switched subsystems, multiple
Lyapunov functions (MLFs) were employed to achieve consensus of SMASs in [21]. Owing to the heterogeneity of
the switching agents, a switching-dependent controller was constructed in [22] to solve the practical output synchro-
nization problem. Another study [23] focused on devising suitable consensus protocols to reach resilient consensus
in continuous-time and discrete-time SMASs. Further, Ref. [24] first investigated unknown asynchronous switching
in a nonlinear SMAS with completely switched nonlinearities, and common Lyapunov functions were utilized to
establish system consensus. A novel asynchronous impulsive containment control strategy was proposed for time-
delay SMASs in [25]. Meanwhile, MLFs and the Razumikhin technique were utilized to establish a containment
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control formulation and investigate SMAS consensus. Previous studies [21-25] hypothesized that the communi-
cation topologies of SMASs were fixed. However, in real systems, these topologies potentially change under the
influence of the external environment. Although such systems with dynamic communication topologies are also
named SMASs, more complicated techniques are required to solve their consensus problem [26-30]. It is necessary
to consider the switching of communication topologies between agents in an SMAS. For the consensus problem in
MASs with switching topologies, Ref. [26] designed a novel distributed control strategy and a switching topology
with heterogeneous Markov chains. A previous study [27] presented a distributed consensus scheme for addressing
asynchronous consensus problems in continuous-time SMASs with discontinuous information transmission. By us-
ing the common quadratic Lyapunov function, Ref. [28] solved the problem of consensus for homogeneous MASs
under arbitrary switching communication topologies. The distributed consensus problem and Zeno phenomenon in
MASs were studied using fixed and switching directed graphs, respectively, in [29]. Meanwhile, Ref. [30] addressed
the tracking consensus of MASs with general higher-order nonlinear node dynamics and switching topologies. For
general systems, quadratic Lyapunov functions are commonly employed. However, they are not the optimal choice
to tackle the positive consensus arising from the positivity of PMASs. In [31], an event-triggered filter was designed
for positive systems using CLFs and LP. In [32], the shared CLFs among all subsystems in switched positive systems
were investigated. An adaptive event-triggering mechanism and a new distributed filter framework were introduced
into positive Markov systems in [33] using LP and stochastic CLFs to enhance output accuracy. Existing results
verified that CLFs and LP are more suitable for dealing with the issues of positive systems than other approaches,
such as quadratic Lyapunov functions and linear matrix inequalities. Thus, it is interesting to present a novel
SPMAS consensus framework based on CLFs and LP.

The observer technique is extensively applied in smart techniques [34], water management [35], medical systems
[36], and so on [37-39]. Its primary function is to estimate unknown variables of systems. Combined with controllers,
the observer can enhance the performance and stability of systems. Owing to the unique characteristics of PMASS,
distinctive considerations are required in the application of state observers. In [40], an observer-based control
protocol was designed to address sufficient conditions for the consensus of PMASs. A fitting observer and a
multistep algorithm were proposed in [41] to investigate the consensus of nonlinear PMASs. In [5], an observer-
based controller was proposed, and two sufficient conditions for robust consensus were derived based on the positive
system theory and graph theory. In [42], a distributed observer was introduced, and the consensus of PMAS was
solved with the leader-following scenario by utilizing common Lyapunov functions. In [43], the positive system
theory was applied to investigate the observer-based output-feedback protocol of PMASs; however, this study did
not consider the impact of disturbances in systems. How to observe and reduce the effects of disturbances is a
highly practical subject. For switched positive systems, a disturbance observer-based event-triggered control using
LP and CLFs was designed in [44]. In [45], a controller was proposed based on disturbance observers to reduce
the disturbances of each agent in MASs. Furthermore, Ref. [46] addressed the containment control problem of
MASs with exogenous disturbances by adopting a disturbance observer-based control approach. For more studies
on disturbance observer, please refer to [47-49]. To the best of the authors’ knowledge, there is much scope for
further exploration of double observers with state and disturbance observers in SMASs. This study intended to
establish a novel framework for double observers on SPMASs.

This paper proposes state and disturbance observers for SMASs. Studies [14,31-33] showed that LP and CLFs can
effectively handle the issues of positive systems. Compared with [37,42], the double observer framework proposed
herein can achieve highly reliable control in complex environments. Inspired by [18,42,50,51], an observer-based
practical consensus with a single leader and multiple leaders was achieved. The contributions of this study are as
follows. (i) A disturbance observer and a state observer were constructed for SPMASs. (ii) Two distinct observer-
based feedback control protocols were proposed for a single leader and multiple leaders, respectively. (iii) All
conditions on positivity and consensus were solved in terms of LP. The rest of this paper is organized as follows.
Some preliminaries and problem formulation are provided in Section 2. Section 3 presents the main results. Section
4 presents an illustrative example, and the conclusion is summarized in Section 5.

Notation: R"™ and R"*™ represent the n-dimensional non-negative vectors and n x m matrix space, respectively.
N denotes the set of non-negative real numbers. I,,, denotes the m-dimensions identity matrix. For A € R"*",
a;; represents the element in the ith row and the jth column of A. A > 0 (> 0) means that a;; >0 (> 0); A > B

and A = B too have similar meanings. 1, = (1,1,...,1)T, 157? =(0,0,...,0,1,0,0,...,0)", and 1,,x, symbolizes
S—— —_—— Y

m—t

m t—1
n x n matrix. The symbol ® represents the Kronecker product. Further, blockdiag{-} is the block-diagonal matrix.
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2 Preliminaries

Some lemmas and definitions for SPMASs are described in Subsection 2.1. The graph theory is introduced in
Subsection 2.2 to explain communication relationships between agents.

2.1 SPMAS preliminaries

Consider the following switched multi-agent system:

Ti(t) = Aj o, 1) Ti(t) + By o, ()uilt) + Ej o, ywi(t),i €V, (1)
Yi(t) = Ci o, (yi(t) + Di o, (1ywi(t),
where 2;(t) = (214, Z2i, - -, Tni) | € R™, ui(t) € R, yi(t) € R°, and w;(t) € R* denote system states, control inputs,
disturbances, and system outputs of each agent, respectively. Further, o;(¢) is the switching law of agents with
i€V ={1,2,---,N}; it picks a value in a finite set S = {1,2,..., N}, where N € N'*. The system matrices satisfy
the relation Ai,ai(t) e R Bi,a'i(t) € RMXT Ei7gi(t) € R"*5, Ci,oi(t) € R°*™, and Di)gi(t) € R°*5. Throughout
this paper, it is assumed that A, ;) is Metzler, B; ;. ) = 0, E; 5,1) = 0, Cj 5,1y = 0, and D; ,, ;) = 0 for o4(t) € S
in system (1).
The exogenous disturbance signal is constructed as follows:

&i(t) = H, 5y &),

2
w;i(t) = I 0,16 (t), )

where §;(t) € R® is an additive signal of each agent, I 5,1y € R***, I 5,1y = 0, and H; , ) € R**® is a Metzler
matrix.

Definition 1 ([11,12]). A control system is positive when all its states are non-negative for any non-negative
initial conditions, inputs, and disturbance.

Lemma 1 ([11,12]). A matrix A is Metzler if and only if there exists a constant § such that A + 67 = 0.
Lemma 2 ([11,12]). System (1) is positive if and only if A4, is a Metzler matrix, B, = 0, C, = 0, D, = 0, and
E, =0forc.eS.

Definition 2 ([7,8]). Given a switching signal o(t), let Ny(y)(t2, 1) be the times of the switching, where 0 < t; < t».

to — 1t
If Nop(te,t1) < No+ 2—*1 holds, then 7 is an ADT of o(t), where Ny > 0 and 7* > 0.
T

Lemma 3 ([11,13]). For a positive system @(t) = Az(t), the following conditions hold.
(i) The matrix A is a Hurwitz matrix.
(ii) There exists a vector v = 0 such that ATv < 0.
(iii) The system is stable.
Definition 3 ([4]). The leader-following consensus is achieved if the condition tlim lz: () — n(t)|| = 0 holds for
—00
i=1,...,N.
Definition 4. The practical consensus of PMASs is achieved if each agent is positive and the following conditions
hold:
() Jim [la:(t) - o < .
(ii) lim {lnx(¢) —n*[| < p, and
(i) Tim [l (6) — me(8)] < S,
where h > 0, p >0, I >0, 2* = 0, and n* = 0.

2.2 Communication topology

A switching signal o(t) is given with o(¢) number of switching modes. The switching communication topology can be
represented by a switching directed graph G,y = {V, ¥, ()} in which each switching mode has a possible switching
topology. V = {1,2,..., N} means that the vertex set of the graph G,;). Ws;) € V x V is the edge set. It is
assumed that the graph does not contain any self-loops. The joint graph of G, ;) over a certain time interval [t7,¢3),

0< tf < t; < 400 is defined as Ute[tf,t;) ga(t) = {V, Ute[ti‘,t;) \I/U(t)}- Let Ao(t) = [agf(t))] c RNXN be the switching
(

adjacency matrix of G, ;) in which a;; =01 (g,2 () and there 1s no edge directed from 7 to ¢, otherwise
dj ix of G,y in which al>™) = 0 if (j,9) ¢ U, and there i dge directed from j to i, otherwi
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a$® — 1. A Laplacian matrix of G,y is defined as L, = [lg(t))] = D,y — Ao(t), where Dy = [d(C(t))] is

ij

the corresponding switching in-degree matrix with [dg(t))] =0, Vi # j and [dz(.f(t))] = Zjvzl az(-?(t)).

3 Main results

This section consists of two subsections. Subsection 3.1 investigates the positive consensus for a single leader in the
switching. Subsection 3.2 discusses the consensus of SPMAS with multiple leaders.

3.1 One Leader

The positive consensus of SPMASs (1) with one leader will be discussed in this subsection. The dynamic of the
leader agent is described as follows:

0(t) = Sn(t), (3)

where 7)(t) € R" is a state of a leader and S € R™*"™ is a Metzler matrix.
The double observer-based switched protocol is designed for each agent as follows:

wi(t) = Ky .0,0)Ti(t) + Ko 0,0)Wi(t) + K34.0,)Yi(t) + Pio,yn(t)

T . (4)
Koy o als D (@i(t) — 5(8)), i€V,

where Z;(t) € R™ and w;(t) € R® are estimates of states and exogenous disturbances; K1 ; 5,) € R™*", K3 5, (+) €
R™ K3i0,t) € RTC, Ky oty € R™™, and P 5,4y € R™™ are gain matrices of the controller; the switching
law of the topologies ((t) gets values in a finite set S = {1,2,...,N}, N e N'.

A state observer is designed as follows:

Ti(t) = GioyyTi(t) + Biguyui(t) + Jiou 1y @i (t) + Mi o, (1yyi (2), (5)

where G ,.1) € R™", Jig,t) € R"™®, and M; , ) € R"** are observer gain matrices. Meanwhile, G ,, ;) is
Metzler. To measure the disturbances of system (2), a disturbance observer is constructed as follows:

&(t) = Hi,ai(t)gi(t) + Fo,)Ti(t) + T o, 0y Y3 (1),
W; (t) - Fi,oi(t)gi (t>a

where @(t) € R? is the observer state, H; ,,(;) € R**" is Metzler, and F; ,, ) € R**" and T; ,,(;) € R**° are
observer gain matrices. The error variables are defined as follows: e;(t) = @ (t) — @:(t), 6:(t) = &(t) — &(t), and
gi(t) = zi(t) — n(t).

Remark 1. A state observer is constructed to estimate the unmeasurable state variables in a system, while a
disturbance observer is utilized to estimate external disturbances to enhance system robustness. Introduction of a
disturbance observer can reduce system dependence on sensors, hardware costs, and design complexity. In practice,
external disturbances and system states are somewhat correlated. From the forms in (5) and (6), it can be found
that the state observer and the disturbance observer are interdependent and designed jointly. When the state
and disturbance observers are designed separately, the coupling between them is disregarded. This can lead to a
reduction in the accuracy of the estimation error. Joint observers can optimize system performance and improve
the control effect of a system.

Thus, the closed-loop system is expressed as follows:

(6)

éi(t) = Gioyy€i(t) + Jio; (1) Liou(0)0i(t) + (Gioi(t) + Mio,()Ciroi(t) = Aisoi())€i () + (Gioy (1)
+ M 0,6)Ciroi(t) — Aiso))N() + (Jisoit) = Biroit) + Mo, (4) Dioi(0)) Lo ()G (1),
0i(t) = Figiy€i(t) + Hi 6,105 (t) + (Fi o, () + Tio,(4)Cioa (1)1 (1) + (Fioi6) + T8 iy (1) )11()
+ T 0. () Diors 1y wi (1),
§i(t) = Bio,t)K1,5,0,0)€i(t) + Bioy () K2i,000)Liou (0)0i () + (Aioy (1) + Bisou (00 K 14,0, (4) + Bios (1) (7)
X K3i0,6)Cio;1))€i(t) + (Aio, () + Bioy () K1i,00t) + Bisoi (1) K3,1,0:(t) Cioi(t) + Bios (1)
X P ,4) = Si,o00))1(t) + (Bioy () K2,i,0:(6) + Bioors () K3,i,006) Disors (t) + Fiory (1) )i (1)
+ B Koy gy alg (@ (t) = F(1)),
nt) = Sn(t).
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Let X;(t) = (e] (t), 0] (1), ] (t), n"(t))". Then,

Gi o - Az o; Gi,ai - Ai,ai
Gixai (t) Ji,Ui (t) Fi,ai (t) oilt) oi(t) ®) (®)
+M; 5,)Cioit) +M; 6,)Cioit)
. FZ o; Fiygi
Xl(t) = ‘Fi,di(t) Hz’,ai(t) oi(t) ®) X; (t)
+T50,0)Cioi (1) T30, Cioi (1)
Bi o, )K14,0:(t) Biost)BK2,i,000) 5,04 (1) Ay B
0 0 0 S (8)
Jioit) = Bios(t) + Mi o, (4)Dioi 1) 0
0

Tioi () Dioit)
+ <Bi,ai(t)K2,i,oi(t) + Ez',@(t)) w;(t) + ( Bi oi(t)Kai0:(t) ) ;
N ~ ~
+Bi 6, ()K3,i,0:(t) Dioi (1) XD i agjg(t))(fi(t) —z;(1))
0 0
where A1 = A; 5,) + Bioi () K1i,0:6) T Bios()K3,i,006)Ciroit) and Br = Ai5.(t) = Sioit) + Bios() K1i00(t) +

Bi o) K3,i,0:(4)Ci,oi(t) T Bioos (6) Pios (1)
Let e(t) = (e] (t), eg (t),..., e, ()T, 0(t) = (6] (t), 65 (t),..., 0,,(£)7, e(t) = (] (), &5 (t),...,e,, ()7, and

7(t) = 1, ®n(t). Then,

é(t) = épe(t) + jpfpe(t) + (ép + Mpép - gp)g(t) + (ép + M,Cp — Ap)n(t)
+ (jp - Ep + Mpﬁp)w(t)v

0(t) = Fpe(t) + Hy0(t) + (Fp + T,Cp)e(t) + (F + TCp)n(t) + T, Dyw(t),

E(t) = (BpK1p + LyByKap)e(t) + (ByKol})0(t) + (Ay + ByKy , + ByK3,C, (9)
+ L,ByK4p)e(t) + (A, + ByK1p + ByKs ,Cp + ByP — I, @ S + L, B, K4,,)n(t)
+ (EZDI?/Q + Epf(&pﬁp + Ep)w(t),

7(t) = (I @ S)7(t).

Let X(¢) = (X{' (), X3 (#),..., X,}(t))". Then,

Jp - Ep + Mpﬁp

ép jpfp ép - gp +Mp5p ép - gp + Mpép T D

. F, H F, +T,C. F,+T,C, P

Xy=| )~ 2"~ P PP X+ | (BRap+ B, |w®),  (10)
C1 BpyKs,I, Az B, B D
0 0 0 LS P 03’p P

where
/A[p + Epf?lﬁp + Epi{v&pép + ‘C;DEPI}‘LZD
Al,m + Bip K11,p,
OB Ky, - "By, Ky

+B1,p, K3,1,p,C1p, —ay5
ct
+ ZjeNl agj( ))Bl,p1K4,1,p1

Am,pm + Bm,pm Kl;mﬁﬂm

"’Bm,pm K&mypm Om,pm

C(t
+ ZjeNm a’§n§ ))Bm,meﬁl,m,pm

_aggt))Bm;Pm K47m)pm _a’ssét))Bm7p7n K4;m7p7n T
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Aipi = Iy @S+ Bip, K1ip, + Bip, Ks.ip,Cip, + Bip, P+ LyBi p. Kuip,
Arpy =S+ Bip, Kijap,
+B1p,K315,Cip, + Bip Pip, | -+ ~a{$'" By, Ku 1,
+ ZjeNl agg‘(t))Blle&Lpl

Am,pm - S + Bm,pm Kl,m,pm
t
_G,Egg ))Bm;pm K4,m,pm T +Bm,17m K37m;pm Cm,pm + Bm,pm P’m,,pm

C(t
+ z:jeNm a5n§ ))BmymeALm,pm

Epl?l,p + ‘Cpépl?ﬁl,p

BB, G0) <)
—a BL K4,1, —ay,, Bl K41
<+ Z]GNl a’g._]( ))Bl p1K41p1 12 P1 P1 1 sP1 ;P1

(<) () B po K1,mpin
_aml Bm,pm K4,m,pm _am2 BmﬁDm K4;m7pm o ( C(t )
+ z:jeNm a£n§' ))BmymeALm,pm

and E, = blockdiag(E1 p, ., Em.p,, ), Gp = blockdiag(G1 p, - -, Gm,p,. ), JpTp = blockdiag(Ji p, Tty Japlaps -
{m;;vaqupm) G A + M Cp = blockd1ag(G1 P1 ALPl + MLPlgLPU ey Gm,pm — Am,pm + Mm’pmcfvmp,z,")’ f‘p +
T,Cp = blockdiag(F1,p, + 11,0 C1p1s - - s Fonpn + Loy Conpr )s Hp = blockdiag(Hi p,y ..., Hpp,,)s BpKaoply =
blockdiag(BLpl K2117p1 Fl,plv ey Bm,meQ,m,mem,pm)-

Remark 2. To mitigate the effects of disturbances on system stability, gain-method-based controllers were de-
signed in previous studies [52-54]. However, compared to gain-method-based control, disturbance-observer-based
control has three significant advantages. (i) Gain-method-based control can be regarded as passive antidisturbance
control. In contrast, disturbance observer-based control is an active and efficient approach to tackle disturbances
and enhance the robust stability of the closed-loop system. Consequently, disturbance-observer-based control is
considered an active antidisturbance control method. (ii) Although the gain-method-based control can suppress
disturbances, it is not as effective as the disturbance-observer-based control in terms of accuracy and performance.
Owing to its design features, the disturbance observer can estimate disturbances within the system more accurately
and can compensate for them effectively. Thus, high control performance is achieved. (iii) The disturbance observer
is designed to provide robust stability for the system. Conversely, gain methods can have an adverse effect on
system stability when inappropriate gain parameters are applied. Therefore, in this study, a disturbance observer
was designed to address the disturbances.

Theorem 1. If there exist constants m > 0, a; <0, as <0, A; > 1, ug > 0,01 > 0,92 > 0,63 >0,04 >0, 5 >0,
7, > 0,9 > 0,79, > 0,7, > 0,7, > 0,7 >0, R" vectors ;| <0, B\ = 0, 8} <0, &7 =0, m") =<0,
S =0, 68 =0, 0 = 0, 0" = 0, v = 0, R vectors ;) < 0, 97 = 0, M 3 0, mtw] <0,
E:éi) =0, E;;:) =0, and R* vectors 31',;1. = 0, Z(-,;i =0, 531-7;1. =0, Fi(,p)i =0, véwl) > 0 such that

r L )T r L +()T
%Biﬁﬂi EL:l 17(" )357;31 + %Bi7pi EL:l 17(" )%z,;(h) D; p,

T L —(0)T (11&)

+iBi;Pi ZL:I 17(“ )@i,;) Dip, + Eip, =0,

T 2 )T T 2 )T

1_13Bi7pi EL:l 17(" )357;31 + 1_13Biypi ELZI 15" )SD:_[()I) Diypi (11b)

+;Bi,m Zf:l 17(“L)%;;§j)TDL;D¢ + Ei,pi =0,

n L +()T n L — ()T
7_11 ZL 1 1( 3 zpl + EL 1 ]‘gl)mz,;él) Di,pi + VL EL:]. lg)mz,;{gl) Di,pi - Ei,pi = 07 (11C)
1 ZL 1 7101 + ZL 1 1( gﬁJr( T D; %,Pi + ZL 1 Sﬁ “ )TDZ';ZH - Ei,m =0, (lld)
Ly VgD, v Ly Vs WD, =0, (11e)
Y2 7,

s ()t ()T s ()= ()T _
1_12 ZL:I 1 zi,pi DiﬁDi + 7_12 ZL:]. 1 ‘Ii,pi DiﬁDi - 07 (11f)
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and
LY SN+ (6, — )T, -0,

e
n L )T m L +()T
LS 06T - g, A, 4 A 10MOTC,
s te, o

s L )T m
7_12 ZL:l ]-g )554))1 + (54 - V_(;S)IS = 05

V2 vPi

,Pi ;P4

C(t
+ E]GN ZJ( ))B ,Pi ZL 1 )m( )

.
%Bplle 108707 4 szzZLl R

A1P1+ BZP’LEL 1 )RJ"() + BleZL 11( ﬁ ()T+ BZZDIEL 1

3
T
+1_SBi7Pi ZL:l T )Q)i,pi) Clypz' + 1_3 ZjeNi ij(t))B%Pz‘ ZL:l 1( m( + 5 I = 0

r 2 0T r L —
Ai@i -5 + 7_13'8@171 EL 1 15“ )m:"é ) + LB}P% EL l ( )mzp + B ,Pi ZL 1 1T ﬁ"’_(
17
7/171

+1L3-Bi7pi Z’I’j:l 1( ﬁl ZSZ + B 2,Pi ZL 1 1( 2) C 2,Pi + B ,Pi ZL 1
¢t OT o
+1_13 EjENi al(j( ))Bi>ZDi EL:]. r )miﬁﬂi — ’

S 6 +aW“+zuﬁm+E 815,
g t t L
+deN ( “ ZL 1 1p1 ZjeNi ji ¢ Y-t mg‘,])oj <0,

(1 — 041)11 —mdy <0
Fl—l;)l ZL 1 1.‘1 Pi + ZL 1 ‘67‘ sPi + F’L—;z Z::l SE,LZ))Z + a2véipi) =< 0)

(1 — 042)12 —md3 <0

I 8+ (o o 6 k) AT, ) SIS 8 SR

_AT ”” + G, Y R +C, ZL 1 zp1+OT Zb:l@ggi

,Pi

C t L ¢(t
+ Z]EN ( ) Zb 1 mz(yl)h B ZjENi ji () ZL:l mjvpj =0,

Y ® +av( 7 = e )+uv4 — AL, o™ + O, S M+ LB,

+“’Zu o i S0+ Ty 85,7+ Ol 2 03
+0Tp1 ZL 1 fgi,pi) + ST ip) + ZL 1 ﬁB e + AT zpl _ STvglPi)

sz

C(t T L g t))
+2jen: @ 'Sj( ) ZL:lm’E,I)Ji = 2 jen: 4 a5t Zb 1 JPJ =0,

véipz') < vip) (p) -, (ipi) véipi) < vgipi)

v(ipl) < A (“11)

hold V(p,q) € S, p# qand i =1,2,--- ,n, then system (1) with the ADT that satisfies

In )\i
H1

WV

Ti

,’U4 - vl Ll Ll
11 < lg)Tv(zpl) 71) L= 1725' ) ’12 < 1( T (Zpl) 727L - 1a 27 e
13 < ls‘b)TBiTpivézpl) X 73; L= 1725 T, My,

s 2 )T s
Ly AR+ L 10T T+ £ 10T T 2 0,

ol

)

(12a)

(12b)

(12¢)

(12d)

(12e)

(12f)

(12m)

(12n)

(120)
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is positive and reaches consensus under control protocol (4) and double observers (5) and (6). Further, Ky ;,, =
K+ K1 Ksip, = Kgy ) + K0 Pip, = P+ P Tip, = T;0 + T, and M, = M, + M, satisfy

165 Pi 1i,pi? 3,4,pi 3,4,pi? 1,pi 4,pi? 1,pi 4,pi?
1( )R+( 0T 1(L)Rf(L)T 1(L)3( )T
+ _ i,Pj — — T T Vipg X — T P
Kl ,4sDi EL_]. 1( )TBT élm) ) Kl,i,pi - szl l(L)TBT éii’i) ) KQvaZDi - ZLZl 1( )TBT é”’i)’
+ T T T
+ L )931 v Ko =3 41( B Ky =3 1ot
3,6,pi EL—l 1( DN (lpl) » EA34,pi T EL 1 1( )TBT (wn y Ddyip; — ZL 1 1( )TBT (1P¢)7
P+ B . 1( )gpj;;)T - — - 1( )gpl ;l)T G B " 1( )6( )T_(il[n (14)
ipi ZL—l 10 )TBT MUDEREY ZL—l 10 )TBT (zpm i,pi Z;l ¢ o WP
s 1(L)5(L)77531 n " 1( )m+( T 1(L)£m ( )T
Hip, = ZL—]. 712 0T gwl) y Mip = Ebzl ﬁ)r i”“) vM,pl = EL_l 1C )T—um )
10T 1WgHOT PETOL Ok 1050T

X o S i,P; 4+ _ S i,P; o P4 . o n n i,P;
F"Lqpi - EL:]. 1T (lm)?Ti,pi - EL:]. 1T (1P¢)7 i,pi - EL:]. l(L)T,U(im) ’ ‘]vai - EL:]. 1T (wﬁ .
s Uy s Uy s 2 n U1

Proof.  First, the positivity of the systems is addressed. Using (12n) and (120), Eq. (14) can be rewritten as
follows:

10807 10 WOT 10307 1¢ )@H 0T
o by X r or Yipg
1 6P — Eb 1 '73 1 i,pi — ZL 1 Ya KQJJH = ZL 1 Y3 3 i,pi — EL_ = )
1 -WT Horon 10T 10 )‘13 < )T
— r i,p; T T i,Pg + T Py i,P4
K3,i,pi = ZL 1 K4 P & Eb:l Pi,pi = ZL:]. 5. ,pl — EL_
T <)V3<L>T <)V3+< )T s <)f (15)
L L
Z 1.9 Zs Tip ST - ZS 178, M+ — E" L Z 1 imw P;
7101 - =1 o Y, $) - L,Pi — =1 o i,pi — =1 1 ,Pz — =1 _ )

1( ) (DT 1( )(IJr(L)T 1( )g—( )T J» )
) nooZn Thee 61 . Lpi : noZn Yip;
G’hpz’ i ZL:I 1 - In’jﬂ’,pZ t ZL:I Fo - ,pl — ZL 1 Y E— ‘]17;01' t ZL:l 1 -

From (11) and (15), we have 0 = LB, 37, 1”301 + 1B, Ej_ YT D, + Bl w1

K2y 2%
f(L)T (1) 2(v) +()
2)' Dipﬂ'Ewl jBZPIKMPI"'BlszM%D7p1+E7p15_ BgDIZ 3,1) + 3Byp1 ZL 1 XQJ Dmf"
JF
7171 ZL 1 () Di,m"’Ei,pw 0,0= *1 Zﬁ z)J + Zh )Sﬁ () Dl}Pf"l_l Zﬁl 1" 93?- () Di,pi
+(e n
_Eiym = Jiypi - Eiypi + M; pzD 4,Pi = 1% Z 1( 3 ,pl + EL_ 151 mi,;gi x Di,pi + 7_11 ZLzl )Sm ( ,pl

Eip, =0, and 0 = ;Z 1( )T ()TD ipi T 5 Zr 1( ‘Ii,zgi Dip, = TipDip, = %Zle 1g ‘I:,rpi)TDi,m +
Lo

7_12 =1 18&;52” ip; = 0. Therefore, B; ;DIK2 ipi T Bip K3ip, Dip, + Eip, =0, Jisp, — Eip, + M p,Dip, =0,
T; p: Dip, = 0 is easily obtained. System (9) can be transformed as follows:

et) = épe(t) + jpfpe(t) + (ép + Mpép - gp)g(t) + (ép + Mpép - gp)n(t),

0(t) = Fpe(t) + Hp0(t) + (Fp + Tp,Cp)e(t) + (Fp + Tp,Cp)n(?),

é(t) = (BpKlyp + LpoK&p)e(t) + (BpKZpr)e(t) + (Ap + BpKLp + BpKBypOp (16)

+ Lp,ByKyp)e(t) + (Ap + BpKi1, + BpKs ,Cp + ByPy — (I, ® S) + L, By Ky )n(t),
7(t) = (Im ® S)7(t).

Then,
(zp JI’ G —A +MC G —A,,—Ni-]l/[pCp
. F, H F + T C F, +T,C,
Xty=|7 - F. P X(t). (17)
Ci BpyKyl, Ay By
0 0 0 I,®S
o n 1( )65 ;T n 611 1 n () g ()T 51
By (12&), we have Gi,pi + 62]n == ZL:l m - ZL:I W + 52In t 7—1 ZL:l 1n Qsi,pi - (7—1 - 62)In E 0.
n vy n 1 -
Thus, G, is Metzler by Lemma 1. From J; ,, = 0 and I5,, = 0, J,I}, = 0 is easily obtained. From (12b), it follows
1¢ >®< Jr n s no 1OMFOT 1m0
that G';pz Ai 7P1+M 7P'LC v,Pi — ZL_ — _ZL_l ’1yn —A; ,pz+ZL7 #C ,Pi +ZL 1 %C@Pi E 0.
—1

Further, G A + M C = 0. Similar to the derivation of Gp, the matrix H is also Metzler by (12¢). Using (12d),
one can deduce that

s ( )S( )T 1( )¢+( )T 1(L):3: (L)T
A X . _5 TuPi S TnPpq .
F%;Di + Eapi O'Lapi t Zz,:l s + ZL 1 o 7101 + ZL 1 12 O'vai t 0.
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Then, one can derive that ﬁp + fpép > 0. From ‘)’ti = 0 and the graph theory, we have —a(C( ))Bi,piK4,i,pi = 0.
Using (12e), the following is obtained:

(C(t)) - 1(L) 2+ ()T 1(L)Rf(L)T
1 Pi tPg
Bip Kiip +Xjen, ti; BipKaip = Bip, 2y —=2— + Bip, 2oy —
(L) ()T B
(C(t Ry
+ Z]EN B'L iy ZL 1 s >- O

Further, it can be obtained that ]§p[~(1,p + LPEPINQLP = 0. From B, ,, = 0, Fé;{_ = 0, and 3521 = 0, it is deduced
that B,Ks I}, = 0. From (12f), we have

Az N2 + B’L szl 1,Di + Bz pIKB Zplcz Di + E]EN ( ))Bz p1K4 i,Pi + 55
1(L)R+( T (L)R ()T 1(0@*(”7

. . Py . i,P4 . " i,P4 .
= Alﬁpi + Blﬁpz ZL 1 3 + BZ »Di EL 1 Yy + Blﬁpi ZL:l 3 Olﬁpi
- 1 L)m ()T 1(TL)9'IELI))T
P4 sPg
=+ B’L'qpi ZL:]. Vs O'L ;Pi + Z]EN B'L iy 23 EL 1 ¥ + 55[” t 0
L3 —3

Therefore, it can be deduced that Ap + EPIN(LP + Epf(gﬁpép + Epépfﬂlﬁp is Metzler. From (12g), we have

Ai)ZDi - Si,pi + Bi,szz pi T B; ;DIKl ipi T B; ;DIKB HDICZ pi T EJeNl ( ( ))BZ ;DIK4 4,Pi

10 RFOT 10a; 07 1Oy HOT
Rims L.Pg ) Ir Thwg (o
= Aip, — Sip + Bip, ZL 1 a — + Bip, ZL 1 7, — + Bip, ZL 1 s —Clip;
10T 1@On®T Wyt T
r Vi p; (C(t L0 L%,
+ Bi,pi ZL:]. Yy C ,Di + Z]EN B ,Di EL 1 Yy + B K2y 23 ZL 1 A3
- l(a)s:p ()T o
7’ 2
+Bipi 2 —5 " =0
13

Then, we get that /Nlp —In®S5)+ Epf(l,p + Epf?gﬁpép + Epf’ + Lpépfg,p > 0. Using Lemma 1, it is not hard to
obtain that I,,, ® S is Metzler. By Definition 1, system (7) achieves positivity

Choose a multiple CLF V, ;) (X () = X T (t)o®®) =T (¢ ) o(®) +07 (t)vy () 4 ¢ T(t )vég(t)) +7" (t)Uff(t)), where
PO Z (T EOT OWT To@NT G @) (i) @os)T o OTYT g 3y

and 77 = 1,, ® 0", Combined with (10), we get

Vi,pi(X(t)) :eT(t)(éT (p) ﬁT (ZD)+EIPETU(ZD)+K4;DBT£;DI'U:(),P))+9T(t)(ijTv§P)
+ﬁ'l’ (p)+FTK2pBT (zn))_i_(E ()(G; o _g; (P)+5TMT (P)+FT (p)
+CIT v (p)+AT '+ KT, BIY + CTB K], U(p)+K4pBT£; o)
+7(t )(GT AT (P)+CTMT (p)+ﬁT (P)+CTTT ép)+;1;v§p)
+ K, pBTv(p) + C'TK3 pvé P _ (Im ® ST) Ut PTBTvé P)
+ KB Lol + (I, ® ST)5),

Additionally, we have

é;vip) ﬁT (p) + f{lTpgTv(p) + KIBJC;vép)
1 1 1 t 1
(Gl 1Y e + Kl 110131 ;D1U§ = + FIplvé = + Z]ENl agg( ))K‘IlplBTﬁDl ; pl))

(C(t T T (Jp )
_EJENI Ky JPIBJPI '

e o ar  A
t MP, ¢t m
+ Z]GN (C( ))K4 mmeTJ)nl /U:()) ? ) - Z]GNm a;'nsf ))K47jp7nBT ’Ué]p )
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FPTJI;F,U??) +HPT (p) +FTKT BTU(P)

G;vgp)

(Flﬁpl AR

(10

sPm 7~ 1,Pm

AT

+2jen M

+CT

1,p, Y

+CTMTU

AT

Lp Y

1
+A1 Y
(< (t

’U;m:DM)

TT

Uimpm)_i_H;)p U(mpm)+FT

m,Pm

§)+FT

(1p1) + C'l lel U
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(1171) + Hl U (1:01) + Fl—,rmK;l:DlBT

(1p1)

1

1
(o) + K[y, B, v5"

))K411)ZD1 BlTpl

AL o) +CT

m,Pm
'U (mpnl _|_ AT

mp’!n

m,pm = (Mmpm) 2

mp’!n

and )
G;vlp

~T T
+CTKq v

AT
(p)

GT

1P1

_AT

»Pl

GT

mp’!n

ST
1201 4 C

1,p1
T 1201 T (1P1)
—S v +K1 p1 B1p, U3

1
]\41 plvg Pl)

1 ¢t
Py D jen a{l ))K4 1 B

U§mpm +

15

T
C m,Pm mM,Pm

T lpl AT

1 t
(1p1) Z]ENl (C( ))K4JPBT

mM,Pm

,Uémpm )

+O”Z me37m)meT Uémpm) + Z]eNm a(

mj
C€®) o1 T
=2 jeNy Ym Ky jp By vs

-
;Y

MT vimp’”)—i-FT vémpT”)—i—CT
ST mpm) + Kl mmeT vémpm OT

(mpm)
™M,Pm =1

<1p1>)

1,p Y

T
K2 sMPm B 7p7nv3

+ R o ol
1
+ K, B, v

J;p]

(mpm)

MT U] +F

Us

m,Pm
(mpm)

+ Kl mmeT

m,Pm

c(t
(‘))Kz; m
(JPJ)

T
sPm

m)pm

® STy

1201

1101 T
1,p, Y +5v

Ty, v “’1’+A

(mpm))

.
Tap,yvz
1)

(JPJ )

(1p1)

(mpm)

Uy

(mpnl)

U3

—i—CTMTUl P) —i—F—'—U2 —i—C—'—TTU2 —i—ATU3 + K] pBTvép)
pTRT () T BT rTy
P+ PIBI o + K[, Bl LT + (I,

+ Fl,pl (1p1) + C
+C4, K4, B, v

—(p)

(1P1)

1p Y

+ Pl PlBT

1Lp Y

CTTTUQP) + g;—vép) + I?nggvgp) + QTINQLDE;—U?)

17101

1 t
( P1) Z]ENl (C( ))K4 ngT (JPJ)

m,Pm

+ Z]EN

T

mMyPm ™ MPm
K3 P BT

ol <t>> K]
;M Pm

BT

(mpm)
Ua
m,pm 3

m meB

(mpnl)

(mpnl)

¢(#)) ( j)
_ZJGNl (( K4,JPBJ—|,—ij3Jp
From (12h), (12i), and (14), we have

GT 1P1)+FT ,Uéipi)_i_K;I'l’plBT (zzm)_i_K4 Wi T ET (ipi)+MU(ipi)

=< ZL:l 61,1)71 + o 1)( ) + ZL 1 % ,Di + ZL 1 ﬁ (N + Z]GN 7 <) ZL 1
=<0,

(C(1) (¢)
ZjeNi @j; Z(é(:%)mj,pj o
t r L
Pw - ZjGNi aji ZL:l N

J,P;j

)

(p)

that is, GT p) —l—FT (v )+I~(1 pBTv(p) +K] pBTET ) < —ppvy”. From (12j), (12k), and (14), the following holds:

Fi,TpiJiTpiU(w” +HT (lpi) +FT K;p BT (ipi) T Uéipi)
<F17Tpl EL 1J1pl+zb 1'611)71+ ZTp’L Eb 1311)714—0[ ,U(ZPZ)
< 0.

~T ~ ~
Thus, I, J] o + H of" +

1"TK—r B—r (p) =< /w( ") From (12i), (121), and (14), we have

aT ,Uiipi)_AT (1Pi)+CT MT (1P1)+FT (zpl +CT TT m +AT (zpl)
,Pi
+K1T1ijp SRR AN (”’”+KTBT Lo (”’“ﬂt 1;(“’1)

= ZL 1 6 ) , o 1)( ) — M vg ) +/L1v§ = +ZL 151 \Di +ZL 1ﬁsz¢ — AT, 0™

7,pi 1
—i—CT ZL 19Jtzp —i—CT Zf:fzz('b) —i—AT (zpl)_’_CT ZL 12szl

K3y ,Pi
¢(1) (C(t
+ ZjeNi ij ZL:l mi,pi - ZJGN ZL 1 J pJ
< 0.
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Then, we deduce that

é;vgp) ZT (p) CTMT (P)+FT (p) OTTT (P)+AT
—I—IA{'I;DIBTU(:D) +CTK3P ( )—FKTBTLT < — ’U( )

Using (12i), (12m), and (14) gives

GT (zm AT zpl +OT MT (1p¢)+FT (im)+OT TT (1P1)+AT vglpl)+K1T1pBT ézm)
+OTK31p (zm _ STy zpl +PT BT (1P1)+ST (p)+ﬂ U(P)+KTBT ET (zm
—ZL 6 +041U§1p1) —M U(Zpl)-i-ulv +ZL 13 +ZL:1 AT ZP1)+CT ZL 19&;1
+C7, 3 LT, = STug) 4 AT “’“’+Cfpl > 2)§f;i+ST ip’+zbzlmi,pi
+ Sjen as Vi 1’5‘1(2 ~Yjen o L0,
<0,

that is, GT (p) AT (P)+CTMT (P)+FT CTTT (P)+AT (P)+KT BT CTK3 pvé )_§U§p)+ﬁg’§;v§p)+
(1 ®ST) p)) +KTBT£TU(17) < —m v( )
For each agent, the proof of the positive consensus can be given. Then,

T () (—p1)v” + 0T () (—p v + T (W) (—pa)os? +77 (1) (— )T
— 1 Vo) (X (1)).

Vo (X (1))

< (21)
<

Integrating both sides of (21) gives V,, ;) (X(t)) < e M=V, (X (tk)),t € [tk, tis1). By repeating the above
steps, the following is derived:

Vo) (X (1)) STy die™ #1700V, (X (tem1)) <o ST Afe 00 Vo, (X (t,).

From (13) and X\; > 1, we have

tE,
Vi (X (1)) < eNor ) BN emml-tio) V(X () < pe @00V, 00 (X (t0),

where p = eNoXimindi and ¢ = py — M Therefore, the proof of leader-following consensus of the system can

be provided using Definition 3. By Lemma 2 and Definition 4, system (1) is positive and achieves the consensus.

In A

Remark 3. Controller (4) consists of two switching signals: o;(t) for agents and ¢(¢) for communication topologies.
Here, two points should be pointed out. First, signal o;(¢) describes the state switching of the ith agent at time t.
This signal aims to reach a quick response from the agents to changes in the external environment. Second, signal
¢(t) indicates the transformation of a communication topology at time ¢, which will affect the consensus of a system.
These two signals work together to enable controller (4) to adapt to dynamic changes in states and communication
topologies of SPMASs.
Remark 4. In [31,33,44], the denominator in the control gain matrix is designed as follows: 1,/ BTv. To ensure
system stability, an upper bound on the gain matrix variable is given. The introduction of this upper bound
clearly narrows the feasible region of solutions of the corresponding conditions. In Theorem 1, the denominator of
the control and observer gain matrices is defined as 155 )TBTy. This approach aims to use different constants for
different components of the numerators. In this strategy, the upper bound restriction is removed. Therefore, the
gain design in Theorem 1 reduces the conservatism in [31,33,44]. Additionally, condition (120) is used to derive
relations (15). Since these relations (15) involve scaling issues and bounds on vectors, a matrix decomposition
technique is introduced to decompose the controller gain matrix into nonpositive and non-negative components,
that is, K14p = K1 ip T K1 ip and K3 ; ), = =K + K:;i)p. In such a framework, the positivity and consensus of
MASSs can be easily handled.
Remark 5. This paper investigates SPMASs with heterogeneous properties. These systems have two characteris-
tics. (i) Different agents have different agent dynamics. (ii) Each agent has a different switching signal. At different
time intervals, the agents switch under different switching signals. Thus, control protocol (4) is designed to account
for the switching of each agent. This design can effectively handle the heterogeneity of switching signals.

A flowchart is given in Figure 1 to further explain the main design in Theorem 1.

3,,p
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i Conditions Conditions Conditions !
1 (12a)-(12g) (12h)-(12m) (12n)-(12p) :

| S ey g p——— A = = —— NN ) ey p— Sy ———

Matrices in (14)

A 4 v A 4
System (16) .o . System (16)
Positivity Conditions in/ (11) Exponential Stability
\ 4 A 4
System (7) . Systems (7)
Positivity /t\verage Dwell Time (1 3/ Exponential Stability

———e— W e ) \ A _
! System (9) System (9) !
: Positivity Exponential Stability :

Figure 1 Flowchart for Theorem 1.

3.2 Multileaders

Subsection 3.1 introduces the leader-following consensus for SPMASs with a single leader. This subsection discusses
the consensus of SPMASs with multiple leaders. The leaders’ dynamics is shown as follows:

M(t) = Snk(t) + Wha(t), (22)

where k € [1, M], nx(t) € R™ and g (t) € R" are the state and control input of the leader system, respectively;
S € R™™ is Metzler; and Wy € R™*". The control protocol of the leader is designed as follows:

(1) = Py Yool g (i () — (1)) + Pan, (23)

where 1% = 0 is a vector of constants, gain control matrix P; € R"™*", P, € R™*", and Pan} € R"*! is considered
to be an auxiliary item. Using (22) and (23), we get

i (8) = Smi() + Wi Py 32003 g (e (t) — g (1)) + Wi P (24)

A control protocol for system (1) is designed as follows:

ui(t) = K1 ;.0,0)Ti(t) + dp o, (1) (T () = M6(1)) + Koo,y Wi (1) + K35,0,6)Yi (1) (25)
M )~ = y

+ Kaiy Sy ag @ilt) = 35(0) + P2

where u;(t) € R", Z;(t) € R™, w;(t) € R®, and y;(t) € R° are the control protocol, state estimations, disturbance
estimations, and outputs, respectively; Ky ;. ) € R™", di ;1) € R™", Kooty € R, K3 0,10 € R,
Ko,y € R™™, and Py 5, (1) € R™™™ are gain matrices.

Error variables are defined as follows: ;(t) = z;(t) — a*, e;(t) = Zi(t) — a;(t), 6:(t) = &(t) — &(t), and
er(t) = 2 (t) — nr(t), where x;(t), ei(t), 0;(t), and e (t) are a tracking error, a state-observer error, a disturbance-
observer error, and errors between agents, respectively.

Remark 6. Control protocol (23) guarantees the consensus of leader system (22). It is necessary to prove that
system (22) is positive and achieves practical consensus first. Otherwise, leaders cannot converge to 0. This will
lead to the fact that the follower cannot be sure of successfully tracking the leader. Controller (25) should be taken
into account in two directions: k € [1, M] and f € [M +1, N]. There are N followers and M leaders in total. In this
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study, the communication between the first M leaders and followers is assumed to be one-to-one, as emphasized in
the tracking error e (¢). Then, the remaining N — M + 1 followers communicate with the first M followers.

In Theorem 2, we first handle the positivity and consensus of leader system (24).
Theorem 2. If there exist constants pus > 0, d21 > 0, 5> 0, n* > 0, Yoy > 0, 721 > 0, and R™ vectors P <0,

QF® » 0, 9" <0, v > 0 such that

S+ %Wl S, 1@’3“” + 0o1dpr = 0, (26a)
—22
Linax r ()T _
W I + S+ 1
LD YA ) m@ (5-1) Lo (26D)
(LW Y 10T 4 Ly 3 1009-0T) = o,
=21
T L . r L)eN—(1 Pnax r 2 )T
Bls=W1 X, 1WQ+OT 4 ﬁwl S 10Ty ¢ b1, Y 1RO = o, (26¢)
1y @STv+ L1 @3 B + poly ®v =0, (26d)
7T (L ® STo+ L1y @ 327 B + (B, — Iy @ (32, Q) — 7 <0, (26¢)
Yoy S lg«L)TWlTU(””) S Yorst=1,2,--- 7 (261)

hold, then system (22) is positive and reaches practical consensus under control protocol (25) with Py = Py + Py
satisfying the following:

()T (1) y+ ()T (L) y—()T
r 1, T 1, 9] _ r 1, 9
L B L I D e L 1)
=11 W) s CU ARIIC ) =11 Wl
where B = (Bu Bu e 7ﬁ)—r7 lmaX = maxke[l,M] {aii}a and Zmax = manG[l,M]{ZjeNk ajk}
—_———
M
Proof.  Let n(t) = (n1(t),m2(¢), . .., mm(t)). Then,
0(t) = (In ® S+ Ly @ WiP)n(t) + (I @ WiPa)n®", (28)
where n* = (n%,n%,...,n%)" and L, is a Laplacian matrix denoting the communication topology between agents
—_——
N
with
djen, G1j  —a@i2 - —Gim
—G21 D ien, G2j c —dam
Ly=| S | . (29)
—an —aM2  Dljen,, OMj
The following variables are defined:
Vi(t) = >0 Bumi(t) — mi(t) — 5. (30)

Let ¢(t) = (¥ ,99 ,...,03)T. We have 9(t) = (IMB—r ® I, — Ina)n(t) — n*. Therefore, it is deduced that
' =T
(t) = (I @ S+ Ly @WiP)P(E) + (In @ S+ Ly @WiPr+ (AuB - — In) @ Wi P (31)
By (26a), (26f), and (27), it follows that

Iy @S+ £77 QWP + 61l
ZjENl aljwlpl + S+ 6011, —a12Wh Py s —a1Wi Py

—aiWhiP —an2Wh Py D jeny agWiP + S + ba1 1,
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From Lemma 1, it is easy to see that Iy ® S + £, ® W1 Py is Metzler. By (26b), (26f), (26¢), and (27), we have
ZjENi 6ijW1P1 + S + (ﬂ — 1)W1P2 t O, ﬁWlpg — aijwlPl t 0, where ¢ # j Thus,

IM®S+£77®W1P1+(1MBT_IM)®W1P2
. a1 W1 P,
Ljen, @B WPy —a Wi Py - B Py —ai Wi P
4S54 (B - )WL Py

ZjeNg az; W1 Py

Wi Py — a1 W1 P,
PW1 Py —an Wi Py <+S+([3—1)W1P2

) s WPy — aop Wi Py

> jeny amiWiP )

Wi Py —aynWhiPr  BWhi Py =Gy WhP -
5+ (8- WL Py

Therefore, we can deduce that 7(t) = (Ins ® S+ L, @ W1 P1)n(t) = 0, indicating that leader system (22) is positive
by Definition 1 and Lemma 2.

Next, the issue of practical consensus will be addressed. Choose a CLF V = ¢ (¢)(1y ® v). Then, V, ) =
YT @ ST+ L)1y @ PTW o) + 0T (1 @ STo+ L)1y @ PY Wi v+ (813, — Ing)1ar @ Py Wy w). Using
(26d) and (27), we get 1y ® STv + L1y @ P W v + poly ® v < 0. From (26e), it holds that n*" (1y ®
STv+ L)1, @ PTW v+ (B1), — Ing) 1y @ Py W, v) — n% = 0. Thus, V(t) < —pgt’ (t)v + n;. It follows that
V(t) <e "2V (t)+n} fti e~#2(t=7) dr. By Definition 4, the practical consensus of leader system (22) is guaranteed.

Remark 7. The introduction of vector n} facilitates the stability of each agent in leader system (22) to a set of
equilibrium points. The final convergence values of the states are associated with the value of n}. Without the
introduction of 7}, the final convergence depends on the states of the systems, and the value is zero. Moreover,
vector 1} can be designed with different values by following the practical requirements. It can be concluded that
the design of different gain matrices will lead to disparate convergence values.

In Theorem 2, some constants need to be known. Thus, their choice is important for Theorem 2. Algorithm 1
can be used to determine these constants.

Algorithm 1 Searching the parameters of Theorem 2.

Input: Leader system matrices S, W, and parameters m;, Hos Pas Yoy Xopo Y215 V21 do1, 021, B, B;

Output: p2,7, %21, 021, 5;
Define a set 2 = 0 and initialize parameters ps = Hos Yoy = Vgy» V21 = Vo1, 021 = dy, and B = B;

while p2 < 1, do
repeat
repeat
repeat
repeat
if Egs. (26a)—(26f) are feasible, then save B2, Yy s Va1 821, and B to Q
end
M2 < p2 + ms;
until Vo1 > 721, Yoy & Yoy T 45
until 7y, > Y213 V21 ¢ V21 + M35
until 621 > 6215 621 + d21 + M;
until 8 > B; 8 + B+ mq;
end

Theorem 3. If there exist constants 7y, > 0, Yy > 0, Yy > 0,7, >0,7, >0,7%3 >0, Vap > 0, Voo > 0, Vas > 0,
Ya1 > 0, ¥z > 0, 733 > 0, 0 > 0, M>0 as; < 0, aze < 0, /\ >1 M3>0 032 > 0, d33 > 0, 64>O 05 > 0,
@ >0, R™ vectors Q+® = 0, Q-® <0, a“ =0, B0 <0, %, <0, 8 =0, ﬁ;)<0,ﬁ:pi)50,m;;ijo,
ggp = 0, Qﬁ( b, =0, v(lpl) =0, v(lpl) =0, v(lpl) =0, R° Vectors@ )40 2) EO, DJT:FZ()L) =0, SJIJ;L) =<0,
T:IS_) 0, T, ZS) <0, and R* Vectorsf';; =0, ‘j()_ =0, 5’,) ) =0, F() =0, v(zpl) > 0 such that the conditions
(11), (12a) (12b) (120) (12d), (12e), (12f), (120) and

ox* — 15 =0, (32a)

T
k,pk ZL 1 1( a:;k) + 1]; k,pk ZL 1 1( a]g E)) >_ 07 (32b)
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Am+ LBy Y1 1 ﬁ“”uiBz-pl S WA T 4 2B Y 10T,
T T )T
+ B ,Pi ZL 1 1( Q) ) C 3y + B 1,Pi ZL 1 1( m’j[(h) E‘Biypi ZL:I 1$‘ ml,zgl) t 07

.
Ay Pk + 5 Bk Pk ZL 1 )ﬁ;;k) LB Pk ZL 11 )ﬁk ;Enk) k.pr ZL 1 1( 2)19 pk Ok Pk
+
-5+ 5 Bk,pk Yo L )@k,pk Chpi + %Bk,pk PR 1 mk ;k) EBP P 1 mk ;,3
W S groT ¢ e LD DS Lk ORI}
—33

¢(t)) r r () @+()T
tz eNkal(cg( Bkmzb 1 )ml(cpk+A m"’—LBkaL 11 ﬁk:pk

+ Bk,pk ZL 1 1( ﬁk pk - S+ —Bk,pk ZL 1 1( Q_)k o Ck,pk
1 Bk o i 1 ijp et Pk _i 2jen, aigWh P 1( )‘B( I =0,

O

S + %Bk,pk Z::l 1$“L)a+(L) 1 B k,pk ZL 1 1T ak Dk

k.pi
+i ZjGNk Zikjwlz )% )T+531[N =0,

(k (kpi) o F T (k (v) (k
Azpk 1 o) +Akpk P +Akpk 7 -5 7 +ZL 1®k:p —|—0431’Ul o) +ZL lgk,pk

¢(t) (€(®)) (¢)
+Ok: Pk EL 1 k:p,c + EL 1 k:p;c + E]ENk a’k] ZL 1 m k.pr 2:_]’EN;c CL_jk: Eb:l mj,pj
=2 ien, k) o mk,pk + 2N, Gk >t mj »;

(13 — as1)y, — Mész <

T, (PF) T (fp T n (v) r (v) (fps) T (v)
Afpfvl ! +A p ! +C ZL:lmtf,pf+ZL 1®fpf+a U +ZL:13j',pf

7pf

(@) (¢) a8®)
+Eb 1 fpf +EJ€Nf ayj Ebzl mf,pf o ZJENf Jf ZL 1 J»PJ <0,

Ct R €(®) 5r (v)
ZL 1 ﬁk o T ZL 1 k Pk + Z]eNk ij s EL 1, DE EiENk @ik 2= mj’pf
k
+ ZL:l st,Pk + Oé?)lvé pk + EL:I gk,pk — ’

(¢€(1) (¢) (C(1) x—r (¢)
P fpf + E]ENf ag; Y My — 2jen; G Doum1 M,
+¥0, 6,»,pf +azus™) + 30§, <0,

I 0, + L+ I T3, + s <0,
(:u3 - 0532)133 — M533 < 0

r k: ~ r . k;
Y1 Ok + STUS; 7y DNy Qi 21 P — D ien, @ik 2o PO + iz ”( 7)<,

* (k k (k k
X T(A;—pkvl Pr) +ZL 1mk)pk +Akpk (ZDk +Akpk (kpr) _ STy (kpr) +QZL 1Qkpk
+ZL 1 kpk+ZL 13’kpk+ckkaL 1 kp;C kkaL 1 kpk—i_ZL 1 kpk) ’ZU-<0,

_*T T (fpf) T (fpf T v)
(A A pf +ZL 1 jpf+ZL lgfpf—i_cjpsz 19thpf) ’W{O,

(ZZDI) < ,U(ZZDI)

- o) T (Gpy)
Va1 < 1£L)TB;|:piU§lp ' < 7317734 (L)TWTvglp ) < V34,739 < 1%) Uéw ) < Va2
T (ips T i —
Vg S 18) U(w S S V33 Vg5 S 1( 2 (Zp ) < V35

'U(ipi) j )\i’l}(iq)

(32¢)

(32d)

(32e¢)

(32f)

(32h)

(32i)

(32k)

(321)
(32m)

(32n)

(320)

(32p)

(32q)

(32r)

(328)

hold fori € [1,N], k€ [M+1,N]|, f € [M+1,N],¥(p,q) €S, p#q,and i = 1,2,...,n, then system (1) is positive
and reaches practical consensus with ADT (13) under double observers (5) and (6) and control protocol (25) with
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o ot — _ p+ - 7 _ ot - . _ p+ —
Kl,upi - K1 Ji,pi + Kl,l,p ) K37z,m - KB,i,pi + Kg,i,piv Py = P2 + P2 ) Tz,pi - Ti,pi + Ti,pﬂ P3,upi - PB,i,pi + PB,i,p,;?
and M, ,, = Mi"’pi + M, ,, satistying

1<L)ﬁ+<L>T B 1<L)ﬁ—(L>T 10 )3< 9T
Ky =3 i K = S0 e e Ky = S| e i
P L 1( ) BT §1P¢)7 1,i,p =1 l(z)TBT iwl) ’ 0D =1 1( )TBT (lm) ’
P4 P
(=T Wy —()T () <)T
19, 19 r 10

+ _ r i,Pj K— _ T i,p; K . _
ip = T 7 ip = T 7 4,0,p — = T g
3,4,p ZL 1 1( t) BTP» (ir;) » **34,p ZL 1 1(1) BT ( i) p ZL 1 17(‘) szi i Pi))

T
d . ZT 1 (,;)71 P _ ZT 15)‘43( )T pt_ ZT 1 tOT
©Pi =1 T " Gyl — =1570T (' DEEE =157 (' BRI
L 15‘) szi lw L 1( ) WT ip L 15‘) WT ip
P_ r 15‘L)Q*(L)T P+ 1( )g{*’( )T P 1([)%1 ;l)T (33)
2 EL:]. l(TL)TWITU‘(Lipi) 0+ 3,1,p4 ZL_]. 1( )TBT (wz) 0+ 3,1,p4 ZL_l 1( )TBT (1171) ’
G B " 1(L)®(L)T_5321n H B s 1( )Xj&)T_[sSSIs M+ B " 1( )Emf;Z)T
Lpi ZL:l 16 T (wn y Hip; = 2;1 1¢ T or 0 ps T ZL:I 1T P
2
,( )T ( +( )T
D i 1( >zm Fip =3¢ 1080, TH =3 10,
,pl =1 1( D (lm) » T LPi T =1 ()T, (ipg) ? “1,py =1 ()T, (ipg)
s 3 s 3
1= WT 130T

— s P4 . _ n i,p;
Timi - szl (LT, Cipg) JZ,ZH - ZL:I 0T Pi)
157 vy 1, vy

Proof. From (11), we can deduce that B p, Koiplip;, + Bip, K3ipDip, Lip, + Eip, Lip, =0, Jip, Lip, + M p,Dip,

XLy p, —Eip; Lip, =0, and T; ,, D; ,, = 0. The system is transformed into two parts as follows. (i) When k € [1, M],

. Akpr. + Brp K1k py B pi, K1 k. py, Biy Ko Thm  Brosdin,
Xk (t) + B 1 K3, k.91 Ok i + B p1. Ak
éx(®) | _ | Grpw + Mip,Crpw — Ak Gh.pi Tk
ék (t) B T pi Creopic + Flepie Fl. py Hp p,
£r(t) Akpp — S+ Brp Ktk p B pi, K1 k. py, Biy Koy In S+ Bryydrn,
+ B pi K3 k. pi Che i, + Bk py Ak py
() (Ak.pe + B K1 ki + Brepr K3.k.p1r Chopre + Blepr Pa ok pi )T
exlt) (Grpy + My p, Cropp. — Akpi ) (34)
X 0.0 + (T, py. Chopre + Froppy, )™
() (Arpe =S+ Brp K1k py + Brop K3.,p, Chpy
+Bie,p Pakpy )2 + WiPam;
By pi K ke pie Z;\il az(f‘(t))(xk — ;) + Brp, Kak,p, Z =1 akg t))( )
0
+ 0
Bie,p Kakp Z;\/Il gf(t))( zp —x5) — WP Zq 1 Ggk(Tq — T1)
+Bipi Kakp Z] 1 a«(t))( —ej) —WiP Zq 1 Ggk(en — &q)

Further, (i) when f € [M + 1, N|,

Aflpf + nypf Klyfﬁpf

):(f " +Btp; K3, 1,0, Ctp; oot Brarasartin ) (X0
Z;Eg G.ﬂpf + Mfmf Cf)pf - A.ﬂpf Gf)pf fopf fopf Z; EZ;
Tflpf Oflpf + nypf Fflpf Hflpf
(Afps + Brps K1, pp; + Brps K3, 1.0, Crips + Brps Pofps )@
+ (Grps + Myp,Crpy = Afpp)e

(Tt,p; Crpy + Frpy )
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¢(t
<prfK4 Jopr Z] M+1 a(f_]( ))( x]))
()

+Bjp; Kagp Zj—]tg-i—l api(ef —ej) (35)
0
Let x(t) = (x1(t) ", xa(t ) N(t) )loe(t)=(er(®) " e2t) T, oen(®) )T, 0(t) = (01(1) ", 02(8) T, ... On(E) ) T,
e(t) = (e1(t) T, Eg(t)—r,. m(t)T)T. Therefore, we can deduce that

X(t) = (A, + ByK1 + ByKs ,Cp + Ly ByKa ) x(t) + (ByK1p + Bydy + L, By Ky p)e(t)
+ (B, K pf )0(t) + (], Bpdy)e(t) + (Ap + BpKy , + ByKs ,Cp + ByPs ) X*,
é(t) = (Gp + M,Cy — A)x(t) + (Gp)e(t) + (J1)0(t) + (Gp + MyCp — Ay) X

9(15) = (TPCZL"‘NFPN) ( )+~Fpe~( ) +~Hp9( ) (Tpgp +~F;D~)X*’ . _ (36)
E(t) = (QmLyByKapy+QuA, — Quln ©S +QuByKy,+ QuB,Ks,Cp — Qu L, @ Wi Py)

x x(t) + (E lN{l »t QME Jp + ﬁMZpEplN{&p)e(t) + (ﬁMépK?,pr)e(t) +Um®S

+ Bydy + L, @ WiP)e(t) + (s Ay — Quln @S — QL @ Wi Py

+ QuB,K,, + QuByKs ,Cp + QuiByP3 )X + Iny @ (W1 Py,

where X* = (z*,2%,...,2%)", X = (2%, 2% ...,297, and 7* = (n%,n%,...,n5)". The closed-loop system is
—_—

N—— SN———
N M M
rewritten as follows:
B,K B,d, ~ ~ o~ o~
As < Le T+ ) B,Ks T, Q/,B,d,
x(t) +L,ByKa, x(t)
ety | |Gy - A, + MG, G, JoI, e(t)
o(t) T,C, + F, F, H, o(t)
£(t) . - ~ ~ ~ ~ [L,®S+ By, e(t)
Aq As Qr By Ko 1 .
+‘C77 ® W1 P, (37)

gp + Epl?l,p + Epf{&pap + Epﬁ&p
Gp + M,C, — A,

+ T,Cp + F, X,
ﬁMAVp — QI ®S+ ﬁMf?pfﬁ,p
+Qn By K3 ,Cp + QuBpPs p + Qv (0l @ (W1 Ps))

where A3 = A, + B, K1, + ByKs ,Cp + L, ByKa p, At = QL By Ky + @A, — Qui(Ly @ S) + QB Ky, +
QMB Kng' QML X W1P1, AQ = QMBpKl,p + QMB d + QML B K47p, and the matrices QM, QMB dp,

and Epélvp are given as follows:

Bidy --- 0 . 0
Bidy - 0
1.--0-- ' :
B 0---0--- o ) ’ e 0 - Byd
Qv = | . . . 7Q—I\r/prdp: 0 .- Budy |, Bpdp = M
Doe b ' ' 0o --- 0 . 0
0---1---0
0 0
0 0 0

Let X(t) = (x(t) ", e(®)T,0t)",e(t)T)T. System (37) is transformed into X( ) = AX(t) + BX". By (12a), (12b),
(12c), (12d), and (12f), it is easy to see that G, and H, are Metzler. Then, G, + M C,—A, =0, F,+T,Cp, =0
and A, + BpK1, + B Kng' + E B K47p = 0. From J;,, = 0 and I;,, = 0, it follows that J F = 0. Further,
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Eq. (32b) gives QLB d = 0. From (32c), we have A, +B Klp + B,K3,C, + B,Ps, = 0. Using (32d), we get

QMA —Quln® S+ QMB K T QMB K3 pC +QuB ngp + oIy ® (W1 P) = 0. Therefore, we can deduce
that

B,Ky,+ Byd, _ U
, Ay Lot B,K», T, O, B,d,
i(t) +L,B,Ky, (t)
|, |Gems -5 6 1
0(t) T.C, + F, F, A, o(1)
(¢ . S + B,d, t
£ A Ao QB K, L, [0 T P ()

+L, @ Wi P,

where A3z = A +B K1p+B Kgpc +£ B K4p, ./41 = QM,C B K4p+QMA —QMIM®S+QMB Klp
QB Ks,,Cp — QuiLy @ WPy, and Ay = QuyByK1p + QuBydy + QL ByKap. By 31 = 0,00 = 0, and
(12¢), it follows that B,K; , + Bydy, + L, ByKu = 0 and QuB,Ko T, = 0. From (32¢), we get QaB,Ky, +
QmA, — QMIM @S+ QuByK1, + QuB,K3 pC QM(E ® W1Py) = 0. Using (32f), we can deduce that

Iy ®S+B d + L, Wi Py +0341nr = 0, where Iy ®S+B d + L, ® Wi P is a Metzler matrix. Thus, the system
(36) is positive.

X()T0® = x(t)Toy” +

Next, we consider the consensus of the system. Choose a multiple CLF: V(X (t)
) (o(t)) _ (UL(lm(t))T

e®)To® + 01 o® + £(t) 0P, where vE®) — (HEDT (EOT )T (=0
o2 2T (meom O)TYT ) — (12,3, 4}, Then,

)

) =
T with v,

)

V]D(X(t)) = X(t)T((Ap + Epf(l,p + Epf(&pap + Zpépf(&p)n’gp) + (ép + Mpép - Zp)Tvép)
+(T,Cp + E)TolP) + (Qui L, By Ky p + Qas Ay — QuiIny @ S+ Quy B, Ky,
+ QB K3 ,Cp — Qi Ly @ Wi P)T0l) 4 e(t) T (ByK1 p + Bpdy + LpByKy ) T o™
+(Gp) Tl + (F) "ol + (ByK1p + Qo Bydy, + Qu Ly ByKy ) o)
+0() T (ByKo ) Toi” + (J,1) "o + B o + (Qur By Ko 1) o) (39)
+ ()T (Q,Bydy) T\ + (Iny ® S + Bydy, + L, ® W1 Py) —<”)) + X T((4,
+ B,K1p, + ByKs,Cp + ByPs )0\ + (G, + M,C, — A) "ol + (T,C,
+ BTl + (A, — Quly ® S + QB Ky, + QMBPK3PC,, +QB,Ps,)T
+ (ﬁMgIM ® (W1P2))Tv£p)).

First, we derive that

(gp + Epf{lm + Epf{&pép + Zpgpl?&p) Ul (G + M C A )Tvép) + (Tvpép + ﬁp)—rvép)
QL ByKap + Qi A, — Quilnr @ S + Qu ByKy p + Qu ByKs ,Cp — Qi Ly @ Wi Py) To)
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1 (1 1
AlTpl g o) + KlTl plBlTpl jry + 03 pK3 1 p1B1Tp1 g o)

+ ZjENl agi(t))K‘l 1 PlBirpl (11‘71) - ZjENl a’;l(t))Kél 7, pJB]Tp] ]p] + Gl pl (1171)
_AIZDI ) + CVl ,P1 Ml—rpl élpl) + FlT;Dl {r + Cl p1T1 P1 élpl)
+AT 0 4 KT, BT+ O K BT, 0P
+ Z]ENI agJ(t))K4 1,p1B1Tp1U(1p1) Z]ENl (<(t))K4 2J5Pj BJTZD El]pj)
—Sv ilpl _ (Z]ENl ( (t))PlTWT (1p1) Z]ENl (<(t))P1TWT (JPJ))

M M M
AXMM”§ pM)JFKlMpMBMpM“g o) +CMpMK3TMpMBzT4pMU§ par)

C(t M ¢t (3ps)
+ ZJeNM agw(] ))K4 MPBT ( o) ZJeNM gﬂgl))KAl Jspj Bijjvljp

Mpa Y
_ (MPM T (MPM) T T (Mpnr) T (Mpnr)
- +GM U AJ(VIMPM ) + C(MPMJ)W M,par V2 + FM,(PMM 3)
T
+OM PM MpMU3 o+ Mpz» o Kl M7PMBM par V4 e
(Mpnr)

M
+C]—\r4,;0MK;M,;DMBM,pM ( P +Z jEN M a’g\/[(J))KIMpMBMpMUAL

y M
_EJGNM §§(t))K4jp]BT (9pj) _ Sy ( )

_(E (C(t))PlTwT (Mpnar) _ E (C(t))PlTwT (JPJ))

jeNn M jeNn YiM

AN +K1NPNBNPNU(NPN + O Ky Blrpy 0P

t N ¢t j
T S ))K4NpNBNpNU§ )y €O T pT G

JENN ]N NE b7

+GN NV NpN) - A]TV,PNUéNpN + CJ—\l;vaMvaN éNpN)

+F§,pNU§Np”) R T 08"

Using (32g), (32h), and (32i), we get

AT lpw)_|_KlzpBT (zp1)+03p szBT ””JrE]em Ej(t))KLplBT (ipi)

_ZJGN (C(t K BT (]PJ —|—GT zpl AT (1Pz)+cT MT (1Pz)+FT (1Pz +CT

i gt ;]717] Js p] 7 pz 3 pw ,Pi 7 pz 3 pw ,Pi

<TT v (wz) + AT Zpr) + Kl ; plBT (wz) + T K BT » (wz) + ZJGN a( (t))K4 ; pZBT ’prl)

,Pi 1,Di 3zpZ zp,b ij i,
t ] pi t ipi t y
— E]EN»L gf( )K4J:D BT JP _ Sw (p — (Xjen, (C( ))PTHrT (p ) _ ) (C( ))P Wv iap ))

= —pus3 vgwl),

JEN

where i € [1, M] and

AT Z;Dl) +K11p BT (1pz)+CT Ksz BT (’Lpz) +deN a(((t))K4Zp BT (wl) |
_EJENl (C(t K4 jpBT (JPJ)+GT (sz AT lpl —|—OT MT (1p1)+F‘;l;)iv'§,lpi)

+OszszID (lpl) = —u3 U(lpl)

(40)

where i € [M + 1,N]. Thus, (4, + B,K1,, + ByKs,Cyy + L, ByKap) 0" + (Gy + M,Cp — A4,) "o + (T,C, +

F) ol 4 (s Ly By Koy + Qar Ay — Qs Ing @ S + By Ky + Qs By Kg,,(? —QuL, @ WD) v£)+u3v“

=0.
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Moreover, it follows that

(ByRry + By + LBy Ray) 0P + GTo 4 ETo) 4 (By Ry + s Bydy + Sar BBy s ) Tl

1 o(t 1 C(t .
di 1, B, 01 ((pl) + Xjen, alj( ;KL,mBl(Tm )( P1) = Yiem ?El()))KIJ B, (gﬂpa))
1 (1 1 i 1
K1,1]DBLD1 P1) + Gl V2 (p1 + F1,p1 Py K 1PBI;01 p1) d] lp(Bir)pl P1
C(t 1 C + ’
+ EjGNl a’lj( ))K471,P1'BIP1’U4(1 pl) - ZJGNl ( ( ))K4 9P BJTPJ TP
M ¢(t M C(t (jp;)
= dirMp LPMU((A:M + ZJENM a’(g\l\{[(] )){(4 M,pm L(]Z\?/}u”% o) Z]ENM O’EI\;))I){IJ Pj BJ'T):D] Uljp] ) (41)
KIMPBM:DMU e +GM;DMU2 o +FMPMU3 ZDM +K1 MPBM;DMU4 P +d1 Ié/[p‘?M,ZDM
M ¢t M IC ’
xvi P+ ZJGNM SW(J ))K4 MPMBM vaé(l o) ZJGNM ;]\5[>>K47J;PJ B]TPJ .
<K;—N pNB]—\r[ pN'U§NPN + —‘,—GT Nopw (NPN) + FN U(NPN) + Kl N NBJ—\r[ pN'Uz(LNpN)>

¢t N ¢(t j
+ Z]GNN ag\]; ))KIN pNBN pN’U§ PN) _ Z]GNN ;]\E ))K4J . BT (Jrj)

From (32j) and (32k), we have

KIW%BT (ips) + dl . szT (ips) + deN (t))K4 . B U;Zpi) _ deNl ( (t))K47J)p]BT (J;D])

3 pw 3 pw sPi ™ 1,Pid J p]

+GT (lpl) : FT (lpl) + K1 V6 Pi BT ( ) + dl ,4,Di BlTp &) + ZJGN (C(t))KAL ©,Pi BT (1p1)
- Z]eNZ gf(t KIJP BT (]P;) < —ug U(Zpl)

where i € [1, M] and

Ksz ;DlBT (ips) + ZJGN (C(t))K4 ; ;DIBT (ipi) _ Zjez ( (t ))K4 . BT » (JZDJ)

Q pl ? ;01 Jji J» ZDJ
+G'LTZD1 (Zpl) + FT (Zpl) + Kl K sz'LTpi ilpl) -< —H3 ,U(Zpl)

where i € [M +1,N]. Thus, (ByK1p + Bpdy + LyBpKap) ol + GIoP) + ETol + (ByK1, + Qi Byd, +
QMEZ,BPKLL,,,)TUSIP) = —Mg’l)ép). Then,

(Ep—[?27pf )T () (jf)T (P)+ﬁT () (QMB szp )T —(p)
1 1 1 1
Iy Ko BTy, v (p1)+F1 o I 08P+ HT (p1)+F1 o K31, B], 0P
(42)

_ T T T (Mpar) T 77, (Mpwm) T (Mpar) T T T (Mpar)
= | Intpns Ko, m1prs Barprs 1 + Lo oy T Hgpo Vs + Ing s Ko nip Bir i Vi

N N N
FZ—\fr,pNK;N,pNBJ—\r/,pNU( pN)+FNPNJNpNU( PN)+HNPNU§ PN)

From (321) and (32m), we get I3, K;, B[ (Zpi)—i—FT Ji, (ipi)—i-HT (lpl)—i—FT Ky, Bl i < — g P
for i € [1,M] and I}, KQWB—r (ip:) + Il T v (WI) —i—HT (m) < — 3 v(pl) for i € [M + 1,N]. Thus,
B I~(2 I, Tv(p)—i— j[‘ ()—i—HT () QMB K2 F T (p) < ugv(p) Additionally, we have

pl2plp) Vg plp) V2 » U3 P

(QL,Bpdy) 0P + (Iy © S + Bypdy + Ly @ Wi Py) T o
< dl ,P1 Bl ,P1 §1P1) + Sv(lpl) + dl 1pBIP1/U4(11p1) >
1 ipi
+ ZjeNl alelTwl 4(1 pl) - EjeNl ajlplTwlvaljp])
. (43)
M M M
< d—1\|—4;DMBMpM ( pM)+SU( ) +d1 MpB;\r/[,vaé(l Par) )
M ipj
+ 2 jenn Ay P W 4(1 pae) _ > jeNu ajn P W z(ljp )
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B (32 ) td BT (kpk)+S (k?Pk +d BT (kpk)+ P WT (sz)_ -~ PT WT (jpj)
Y 1), We get g, py, Bk p), v B! k.pi ki, U E]ENM Akj ZjENM Ajety X Wy Uy
= Mgv(p ) where i € (1, M]. Finally, it follows that

(gp + %Klf1 +f~3pl~{37p5p + fipﬁ?tf)i?}%p) + (Nép j’ @péf - %)Tfépi‘f' (Tpépj' ﬁp)'rvgp)
+( Ay — QI ® S+ Qo ByKy p, + Qi BpKs,Cp + QB Psy) T + (Qroly @ (Wi Py)) o
AT (1171) + K1T1 plBT (1171) + O;Fpl K?,Tl,plBT (1101) + P?,Tl plBT (1101)

1Lp Y 1Lp Y 1,p1 1p1 U1
—|—G1 U (1P1) AT 1P1) + Cl lel LU (1P1) + FT (1101 + Ol . Jplvélpl)
+A],,v o) 4 i, plBIm i+ leng Bl 0! 04 p, AR
—Sv(lpl) oW1 Py v( P1)
A—J\Z :DM’UgMpM) + Kl “M,pn J\T/I B (MPM) CJ\T/I M ;M,pM (44)
_ XBJ—\Z :DMU§MPM) + P3TM PM BJ\T/I P M (MPM) + GM puY (MPM) AJT/[ DM éMPM)
- +C}‘\I’4 pMMM oas ¥ (MPM) + FM o (MPM) + C]—\Z,pMTM,vagMpM)
+AY Uz(lMpM) + K MpBI—\r/[,p (MPM) + Ot K5 01 BL,pMUA(LMpM)
+P:;,FM,Z7M B;;F Z(LMPM) - Sv A(LMPM) oWy PQ’UA(LMPM)
Ay pNvngN) + Ky B, pN/U;NpN + O K5 N
XB; PNvngN) + P?IJ\C:DNBJE PNvngN) + GN onY NpN) - AJTV,pNvéNpN)
O M ) F 704 O 15,

From (320) and (32p), the following holds:

X*T(Azp (Zpl)—l—K“pBT vgipi)_FOng 31pBT (zpl) PBsz BT (zpz +G1Tp1 (zpl) _Ajplvéipi)
+CT MT (1P1)+FT (lpi)+CIpiﬂTp (1P1)+AT ””’)—i—K“ szi ilpl C?LK;i’plBT (ipi)

sPi
P3TZ plBTv;pl Sv(lp" QWngvffpi)) < w

for i € [1, M] and

X*T(AT ,Ulzpr) _’_KlszBT (ipi) +CT K31p BT (lpz) +P31 B ’U;ipi)

sPi ™ 4,Dq
+G1Tp1 (ip:) AzT;DI (ips) —|—CT MT (zpw)_i_FT 1101 +of 1T (lpl))jw

’LP-L ,Pi ™ %P

for i € [M + 1,N], where X* = (z*,2*,...,2%). Therefore, X*T((4, + ByK1, + BpKs3,C, + Epﬁg,p)—rvip) +
N-M

(Gp+ MyCyp— A)T0l) 4 (T, Cp + Fp) "0l + (s Ay — iy @ S + Qs By K1y + Qar By K3 ,Cp + Qi By Py ) T+

(Quroly ® (W1P2))Tvip)) —w = 0. Thus,

Vo(X (1) < €T (t)(—ps)ot? + 67 (t)(—ps)os” + T () (—pa)ol” + 777 (£)(—ps)o

(45)
<~V (X (1) + .
By combining (40)—(45) and (32s), we can deduce that
ty
Vo) (X(t) < 6(N°+ C) i In A e Ha(t— tkD)Va(tko)(X(tko)) + fti, e(—us)(t=7) gr (46)
< p6_¢(t_t0)Va(to)(X(t0 tw fto el~#s)(t=T) dr,

S I

Ti

where p = eNo 2itilnAi and O = us —
reaches consensus.

. From Definitions 3 and 4, we can easily prove that system (36)

Remark 8. Theorems 2 and 3 involve many conditions, all of which are derived based on LP and CLFs. For
Theorem 2, conditions (26a)—(26¢) are used to guarantee the positivity of leader system (22). Conditions (26d) and
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(26e) are intended to reach the consensus of system (22). For Theorem 3, conditions (12a)—(120) and (32b)—(32f)
aim to guarantee the positivity of closed-loop system (36). Conditions (32e)—(32p) prove that system (36) reaches
a practical consensus. Since there are only M leaders, it is necessary to discuss system (36) considering two parts:
the first M agents and the last N — M agents.

Remark 9. The security of MASs has attracted much attention [50,51]. This study focuses on complete consensus
in different situations. On the one hand, it is suitable for scenarios with rigorous requirements. On the other
hand, practical consensus refers to efficiency and performance in real-world applications. Thus, a balance between
consensus and performance is achieved, making it suitable for high-throughput and low-delay scenarios. Compared
to traditional consensus, practical consensus has two advantages. First, it is practical in real-world applications such
as search and rescue and salvage operations. It allows agents to be distributed over an area for broader coverage
rather than in a single path. Thus, the success rate of tasks can be increased. Second, the system security can be
enhanced by practical consensus. Since each agent can follow a different trajectory, it is difficult for an attacker to
damage the system even if the paths of some agents are blocked.

Remark 10. This system differs from a single-leader system in mainly two aspects. (i) The design of the controller
with multiple leaders is more complex than that with a single leader. Leader systems with multiple leaders should
consider the communication between different agents and have high demands on controllers [22,29]. However, there
is no need to consider controller design in leader systems with only a single leader [11,24,30]. (ii) When some leaders
in a system with multiple leaders fail, or the external environment alters, other leaders can still communicate with
each other and lead their followers. Thus, this type of system is more robust and adaptable.

Remark 11. As stated in the introduction, CLFs and LP are suitable for handling the issues of positive systems.
First, a quadratic Lyapunov function is unnecessary, and CLF's are more suitable for positive systems. Owing to the
nonnegativity of the state, the positive definite property of the CLF V(t) = x(¢)"v can be guaranteed. Second, LP
is more effective than LMI in handling the conditions involved. All positivity and stability conditions in (11), (12),
(26), and (32) can be transformed into LP. Therefore, it is more reasonable to adopt LP for solving the conditions
under study. Moreover, it is difficult to employ LMI to describe the positivity conditions. Based on the form of these
conditions, vector variables are chosen. When using the LMI, a matrix variable is chosen. Vector-based conditions
are easier to tackle than matrix-based conditions.

Remark 12. The switching topology refers to the dynamic adjustment of communications among agents. In
contrast, the switching of MASs focuses on the dynamic switching of different subsystems of agents. These two
types of switching involve distinct aspects of a system and require separate consideration. To handle the switching
topology, this study designed state estimation coupling terms in controllers (4) and (25) to effectively manage the
dynamic behaviors under different topologies. For MASs with switching characteristics, the ADT switching law and
CLFs are utilized to guarantee the positivity and stability of each agent.

Remark 13. The control gains in (4) are based on the matrix decomposition approach. This design strategy
has two advantages. (i) A vector is chosen as the variable, thereby reducing the computation complexity of the
conditions. (ii) Under the proposed control design framework, a simple Lyapunov function can be constructed
to analyze the consensus of the systems. In Theorem 1, controller (4) comprises state estimation, disturbance
estimation, output, a leader state, and a coupling term with state observation of followers. Owing to the introduction
of multiple leaders (22), Theorem 2 integrates the leader-following error term dy, o, (1) (7% () — 7k (t)) and a constant
term z* into the controller (25). Proposed controllers (4) and (25) have the following advantages. (i) The controller
design ensures system positivity, which is a fundamental requirement for a positive system. (ii) State and disturbance
estimations are added to the controller, allowing the controller to precisely regulate the system behavior. (iii) The
term dy, o, (¢)(Tr(t) — me(t)) and z* in (25) enable the system to achieve the leader-following practical consensus,
thereby allowing it to meet the practical engineering requirements. (iv) Under the control framework, LP can be
adopted to devise a tractable computation method.

4 Tllustrative example

In recent years, the MAS dynamics equation has been commonly used to formulate unmanned aerial vehicle (UAV)
formations. A previous study [55] discussed the cooperative control of UAVs based on the MAS dynamics equation
and proposed a multi-UAV control scheme. The designed MAS model and control scheme provide new perspectives
and contributions in the field of UAVs. In [56], a smooth distributed consensus control method for MASs in UAVs
was proposed, and the problem of controller chattering in traditional discontinuous control was solved. In [57], the
authors comprehensively reviewed the modeling of dynamic equations and distributed control applications for UAVs.
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Figure 2 (Color online) Illustration of the formation of UAVs. (a) Switching subsystem 1; (b) switching subsystems 2.

The tracking problem is an important issue in UAV formation. In [58], the author investigated UAV formation
control based on the consensus of a MAS and proposed a multiple UAV formation system based on the leader-
following consensus. Another study [59] proposed an event-triggered strategy based on leader-following consensus
and validated this strategy on a real UAV platform. The formation needs to ensure that all following UAVs can
accurately track the leader UAV.

In the model, states x1(t), 22(t), 25(t), and z4(t) represent four UAVs, and states 1 (¢), n2(t), and n3(t) represent
the UAVs that other UAVs are required to follow. Disturbance wj(t) refers to the external factors interfering with the
UAVs; y;(t) is the output of the UAVs, and u;(¢) is the control signal that manages the flight trajectories of UAVs.
Matrices A; 5, (), Bi,o,(t), and C; o, (+) denote the system state matrices of the UAVs, where o;(t) denotes a switching
signal. This means that when a signal changes, the position of the UAV is also altered. In addition, consider that
communications between UAVs can change in different environments; thus, there are two communication topologies:
G1 and Go. Therefore, based on the aforementioned results, the example considers the leader-following consensus
problem with a leader and three followers under switching topologies. The specific principle is shown in Figure 2.

Consider system (1) with three agents, where each agent has two subsystems and three ADT switching signals:

—2.97 1.62 1.63 —2.93 1.82 1.39
Aloyy=| 1.87 =3.73 1.94 |, Aspyiy= | 1.85 —2.65 1.82 |,
1.81 1.74 —3.62 162 1.76 —3.57
—2.99 1.62 1.63 —2.96 1.61 1.62
As vy = | 1.87 =3.73 1.94 |, A1y = | 1.85 =371 1.76 |,
1.81 1.74 —3.62 1.82 1.76 —3.61
—291 1.80 1.38 —2.98 1.61 1.62
Asoyy = | 1.83 —2.63 1.81 |, A3 =| 1.86 —3.72 1.94
159 1.74 —3.55 1.80 1.74 —3.61
0.58 0.56 0.78 0.76 0.69 0.67 0.57 0.54
Bioty= 055059 |,Boo ey =|0.750.79 | , Ba.o sy = | 0.65 0.66 | , B1oyey = | 0.58 0.57
0.56 0.55 0.76 0.75 0.68 0.65 0.54 0.52
0.77 0.74 0.68 0.69 112 1.11 1.28 1.28
By ooty = | 078 0.77 | , Ba gty = | 0.64 0.65 |, Brpypy = | 1.15 1.12 |, Ba gy 1y = | 1.29 1.20
0.74 0.72 0.68 0.66 113 1.15 1.26 1.25
1.39 1.35 1.10 1.12 1.26 1.26 1.38 1.34
Bsovry = | 137 132 |, Br oy = | 113 113 |, Bo gy = | 1.27 1.26 | . B3 0, = | 1.36 1.31
1.34 1.37 111 1.13 1.25 1.23 1.33 1.35

o _(resiesies) (143148145
Lo =\ 163 1.65 1.66) 27"

1.43 1.45 1.46

. (177175 174
e T\ o177 13)7
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. _ (163168 165) _ (143148 145) (175174176
Lo 163 1.65 1.66) 7 27 T \143 145 146) 7 P T\ 176 1.72)
Drovis = <1.28 1.24) Dy = (1.24 1.27) Dy = (1.59 1.59) |
: 0 0 : 0 0 : 0 0
1.35 1.35 1.23 1.26 1.56 1.56
Dy sy = < 00 >5D2,02(t) = ( 0 0 >,D3,02(t) = ( 00 ) :

Additionally, the matrices of systems (2) and (3) and the corresponding Laplacian matrices are as follows:
r ~ (110 0.20 r ~ (112 0.10 r ~ (1130.13
P @700 0.2) 7O T 010 0.12) 7P T N0z 0.11)

s (resoi0) . (w010} (112011
Lo = 010 012/ 7272 7 010 012/ 7 T 012 010/

—-2.69 0.76 0.77 2 —-1-1 1 0-1
S=| 078 =259 071 |, Li=]| 0 1 —1|,Lz2=]-12-1
0.75 0.76 —2.69 -1 0 1 —-10 1

We choose the constants as follows: p; = 0.03, oy = —4.1, as = —4.2, Ay = 3, 7, = 81.1, 7, = 81.0, 7, =
81.2, Yo = 81.1, 73 = 2.05, Yy = 2.02. From Theorem 1, we obtain the following gain matrices:

_ (0026 04141 00326\ 0.0980  0.0980  0.0980
M7\ 0.1685 —0.0324 0.3767 Lo 7\ 0 0336 —0.0336 —0.0336)
0.2248 —0.0329 0.1042 0.1636 0.1636 0.1636
K51 = K 2,000) = ;
—0.0327 0.1020 —0.0327 ~0.0333 —0.0333 —0.0333
0.1010  0.1010 0.1010 —0.0330 —0.0330 —0.0330
K130, = s K13.00(0) = )
—0.0333 —0.0333 —0.0333 0.1030 0.1030 0.1030

0 0 0
K31,00(1) = <_1 92799 0) Kaoa) = (0 -0 4656) HKazen = <—0 3687 O) ’

0 0 0 0 0 0
Koz = | _gag41 0) #2400 =\ _ga1680) %**70 = g _o.8040)"

Kivon i = < 0.0326 —0.0326 —0. 0326> Kyvon = ( 0.0324 —0.0324 —0. 0324)
w 0.0326 —0.0326 —0.0326 - 0.0324 —0.0324 —0.0324
Kinoi = < 0.0329 —0.0329 —0. 0329) Kana = ( 0.0327 —0.0327 —0. 0327>
= 0.0329 —0.0329 —0.0329 = 0.0327 —0.0327 —0.0327
Kasonn = < 0.0327 —0.0327 —0. 0327) Kason = ( 0.0330 —0.0330 —0. 0330)
0.0327 —0.0327 —0.0327 0.0330 —0.0330 —0.0330
» _ (24110 —0.0326 3.0528 | _ [ 1:0694 —0.0324 1.8558
BT 00324 32745 —0.0324) " " T\ Z0.0336 2.1262 —0.0336)
Py = < 0.6385 —0.0329 1.3481 ) o = 0.7485 —0.0324 1.3212
’ 0.0327 0.6317 —0.0327) "~ —0.0333 0.6471 —0.0333

P _( 1.0337 —0.0326 1.6342 _( 1.8961 —0.0330 2.4482
S L0.0333 19542 —0.0333) P T\ —0.0330 27464 —0.0330)
Assume that there exists a leader with three followers, as shown in Figure 3. The topology between the followers

can be switched. Furthermore, each agent in the system is subject to a solitary switching signal. In Figure 4,
the switching process occurs at different moments. Since the state and external disturbance of the system are



Zhang J F, et al. Sci China Inf Sct April 2026, Vol. 69, Iss. 4, 142206:25

by
e

(b)

Figure 3 Communication topology. (a) Topology Gi1; (b) topology Ga.
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Figure 4 (Color online) ADT switching signals of three agents.

assumed to be unknown in this study, we designed a state and a disturbance observer. Figures 5 and 6 represent
the trend plots of state error e;(t) and disturbance error 0;(t), respectively. The observer errors are all zero after
8 s. This indicates that dual observers (5) and (6) designed for SPMASs are working. Figure 7 shows the tracking
error. When error €;(t) is zero, it signifies that the followers can track the leader. From Figures 3 and 4, it can
be found that each UAV has distinct coordinates at different points in time. From Figures 57, it is seen that the
leader-following errors, state errors, and disturbance errors converge to zero. Then, the designed controller ensures
the consensus of UAVs. However, it may be erroneous to conclude that UAVs are no longer working. In fact, the
zero point represents an equilibrium point for the considered system. In the control phase, the equilibrium point
enables the follower UAVs to track the leader UAVs.

In [17], the positivity of MASs was considered, and some conditions for positive consensus under a fixed topology
were derived. However, the agents’ switching properties were neglected. In [18], the consensus of PMASs with
switching topologies was addressed using LMI-based conditions. None of the above literature considers the unmea-
surable state and external disturbances. For a three-dimensional system, the simulation time length is 8 s, and the
step size is 10, the computational complexity is: O(8 x 10 x 33). Table 1 lists the complexity of Theorems 1 and 2
in [18]. As shown in Table 1, the complexity of LP and CLF's is lower when dealing with the consensus of SPMASSs.
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Figure 5 (Color online) State errors of three agents.
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Figure 6 (Color online) Disturbance errors of three agents.
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Table 1 Comparison of computational complexity.

Theorem Employing method Computational complexity
Theorem 1 in [18] LMI 24 x 243
Theorem 2 in [18] LMI 24 x 8%

Theorem 1 in this paper LP 80 x 3%

5 Conclusion

A double-observer framework based on states and disturbance was established for SPMASs. The tracking problem
of SPMASs was solved for a leader. The practical consensus with multiple leaders was also discussed. By using
multiple CLFs and LP, the consensus of SPMASs was achieved. In future work, more complete state-disturbance-
based observer frameworks in SPMASs will be considered. Moreover, it is also an interesting topic for further
research on the positive consensus of MASs with switching topologies.
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