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Abstract: In this paper, the exponential bipartite consensus issue is investigated for multi-agent net-
works, whose dynamic is characterized by fractional diffusion partial differential equations (PDEs).
The main contribution is that a novel exponential convergence principle is proposed for networks of
fractional PDEs via aperiodically intermittent control scheme. First, under the aperiodically intermit-
tent control strategy, an exponential convergence principle is developed for continuously differentiable
function. Second, on the basis of the proposed convergence principle and the designed intermittent
boundary control protocol, the exponential bipartite consensus condition is addressed in the form of
linear matrix inequalities (LMIs). Compared with the existing works, the result of the exponential in-
termittent consensus presented in this paper is applied to the networks of PDEs. Finally, the high-speed
aerospace vehicle model is applied to verify the effectiveness of the control protocol.

Keywords: multi-agent system; networks; fractional PDEs; bipartite consensus; intermittent
boundary control

1. Introduction

Multi-agent systems (MASs) evolve from the distributed artificial intelligence, which aim to solve
large-scale, complex and uncertain realistic problems. MASs can undertake more complex tasks that
a single agent can not finish. Therefore, the application of MASs has attracted extensive attention
in various fields, such as the air traffic management, the control of unmanned aerial vehicles, the
synchronization of team satellites and other engineering fields, see [1-3] and references therein. As a
basic problem for MASs, consensus has attracted considerable attention from scholars in the different
fields, and some results can be found in [4-6].

However, in practical engineering problems, there are situations with antagonism information be-
tween agents, such as the networks in [7, 8]. To solve the consensus with antagonism information, the
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concept of bipartite consensus is proposed in [9]. At the same time, many researchers pay attention to
the bipartite consensus of MASs. In [10], the bipartite consensus is considered for networks of MASs
via event-triggered control protocol. The exponential bipartite consensus is researched for fractional
nonlinear MASs with the switching directed signed networks in [11]. In [12], the bipartite consensus
issue is investigated for fractional nonlinear MASs.

It is worth noting that, in the literature mentioned above [4—12], MASs are described by ordinary
differential equations (ODEs). However, in the real world, the state of MASs is not only related to
the time, but also the space position, such as the moving beam, the service function chain for telecom
operator and surface of the aerospace vehicle, see [13—-16]. Therefore, many efforts are devoted to
the consensus problem for MASs modeled by PDEs in [17-20]. In [17], the consensus issue was
investigated for networks of diffusion PDEs. In [18], the consensus tracking was solved for networks
of parabolic PDEs with unknown disturbances. In [19], the bipartite consensus is studied for MASs
of wave PDEs. [20] studied finite and fixed-time bipartite consensus for diffusion PDEs Multi-agent
system.

Compared with integer-order systems, the application of fractional systems is more popular in
physics, engineering, biology and so on, because of its hereditary and memory. In recent years, large
numbers of works are devoted to solve the consensus issue of multi-agent networks depicted by frac-
tional ODEs, see [21-26]. Simultaneously, networks of fractional PDEs have attracted the extensive
attention of many scholars. For example, in [27], the boundary fractional derivative control was re-
searched for MASs of wave equations. In [28], authors considered the boundary control issue for MASs
of fractional diffusion PDEs with the time-varying input disturbance. In [29], boundary feedback sta-
bilisation problem was investigated for MASs of fractional anomalous diffusion PDEs. It should be
point out that, the works in [27-29] are concerned with the asymptotical consensus for the networks of
fractional PDEs, where the convergence rate can not be estimated.

With Control Without Control
fm Sm tm+1 gm+1 tm+2

Figure 1. The working mechanism of aperiodically intermittent control protocol.

To realize the consensus for MASs, some control mechanisms are designed, such as feedback
control, impulsive control, adaptive control, sliding mode control and event-triggered control etc.,
see [30-35]. It is worth noting that, the controllers mentioned above are continuous, which cannot
save communication resources. Therefore, it becomes very meaningful to study intermittent control
approach. So there are many works on intermittent control for PDEs networks, see [36-38]. Mean-
while, the working mechanism of aperiodically intermittent control protocol is shown in Figure 1. As
far as we know, few scholars have studied the consensus issue for networks of fractional PDEs via
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aperiodically intermittent control.

Obviously, the control strategies aforementioned in [30-32], which requires to assign actuators to
each position, brings the waste of space resources. In order to overcome this shortcoming, boundary
control strategy is presented. Under this control method, the actuator only needs to be placed on
the boundary, which reduces the space cost. Clearly, the intermittent boundary control strategy can
not only save the space cost, but also the time cost. Thus, there are some works about intermittent
boundary control for networks of PDEs, see [39-41]. Unfortunately, little work has been devoted
to aperiodically intermittent boundary control of fractional PDEs system. Therefore, how to deploy
aperiodically intermittent control in PDEs Multi-agent system is the main challenge. In addition, how
to design the control protocol to make the PDEs system reach the exponential bipartite consensus is
another difficulty.

Based on the above analysis, the bipartite consensus problem of fractional PDEs networks via ape-
riodically intermittent boundary control method has not been studied. Therefore, our object is to study
the exponential bipartite consensus issue for multi-agent networks of fractional diffusion PDEs via
aperiodically intermittent boundary control strategy. The contributions are briefly summarized.

1) Under the aperiodically intermittent control method, an exponential convergence principle is de-
veloped for the continuously differentiable functions, see Lemma 5. Moreover, Compared with the
ideal results for ODEs systems in [42,43], in this paper, the consensus issue is investigated for PDEs
system. Particularly, compared with the results of [42] with the intermittent communication, this
paper is devoted to the intermittent control for the networks of PDEs.

2) Under the designed intermittent boundary control strategy and the presented convergence principle,
the bipartite consensus condition can be derived in terms of LMIs. In addition, different from the
asymptotical consensus of PDEs systems in [27-29], this paper focuses on the exponential bipartite
consensus for PDEs system via aperiodically intermittent boundary control.

3) The high-speed aerospace vehicle model is applied to verify the effectiveness of the theoretical
results;

The remaining components of this paper is organized as follows: Section 2 introduces the related
knowledge with regard to graph theory, fractional calculus and aperiodically intermittent control
method. In addition, a new exponential convergence principle is developed, under the aperiodically
intermittent control strategy. In Section 3, the multi-agent network of fractional diffusion PDEs is
modeled. In Section 4, the exponential bipartite consensus is considered for multi-agent networks of
fractional diffusion PDEs. Section 5 provides an application example of the high-speed aerospace
vehicle model to verify the effectiveness of the control strategy. Finally, the final decision is drawn in
Section 6.

Notation: see Table 1. Moreover, the symbol * denotes that

E+F+F"+E" H
HT J

A

E+F+x H
* J
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Table 1. Notations

Symbol Stand for

R Real numbers set

R n-dimensional real vector set

R* Positive real numbers set

R Nonnegative real numbers set

I Identify matrix

AT Transpose of A

A>0 Positive definite matrix A

Amin(9) The minimum eigenvalue of matrix

| | Absolute value of

%112 (S )2, x; € R”

[|f(x, )| ( ﬂ fT(x, 0 f(x, t)dx)%: the standard Euclidean norm
C(0,1],R) The family of continuous function from [0, /] to R

2. Preliminaries

2.1. Graph theory

Let G = (v, €, A) be the directed signed graph, which represents the information among N dynamical
nodes, where v = {1,2, ..., N} represents the set of nodes; € C (v X v) denotes the set of edges; and the
adjacency matrix of G is A = (a;j)nxn, Which stands for signed weights among nodes. If (i, j) € €, then
a;j # 0, otherwise, a;; = 0. In addition, a; = 0 fori € v.

Divide v into two non-empty subsets vy and vy, i.e., vy U v, = v, 1 N v, = @, if satisty,

a,-jZOfori,jevp,p: 1,2,
a;j<0fori€v,and jev,p #q,

then the directed signed graph G is said to be structurally balanced, otherwise, G is structurally un-
balanced. If (j,i) € €, then j is addressed as the neighbor of i. The neighbor set of agent i is
N ={(j,i) €€ j#1i}.

For the directed signed graph G, corresponding Laplacian matrix L = (/;;)yxn, 1S represented as

L =diag( " laul, Y laud,.., Y lawd - A.

keN keN> keNy

2.2. Fractional calculus

Definition 1: For the integrable function f : [y, +00) — R, fy > 0, the Riemann-Liouville fractional
integral of order 0 < @ < 1 is defined by,

" f@ .
@) J, -1t

tolta f (t) =
where I'(z) = fow e~'t"1dt is the Gamma function.
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Definition 2: For the continuously differentiable function f : [#y, +o0) — R, ty > 0, the Caputo
fractional derivative of order 0 < a < 1 is defined as,

L Yo

CD“f(t) —{ F(l a) o (1— T)“

dt’

—dr, O0<a<l,
a=1.
Let f(x,1) : [0,1] X [tp, +o0) — R be continuously differentiable with respect to z. Then, the Caputo

partial fractional derivative and Riemann-Liouville partial fractional-order integral on ¢, respectively,
are given by,

f | ms t; D Adr, 0<a <],
o o) a=1,
and , 70 f(x, 1) = 7 [ L52dr, for0<a < 1.
Lemma 1: [44] Let g(x,1) : R x R — R be a continuously differentiable function about ¢, then,
0%(g" (x,)g(x, 1)) T 0%g(x,1)
<2 ) —.
o 8 =50

Lemma 2: [45] (Wirtinger’s inequality) If £ : R — R is a continuously differentiable function, which
satisfies £(0) = 0 or (/) = 0, and P > 0. Then,

de)\' ,de()
f £7(s)PE()ds < fo ( . ) g

Lemma 3: [46] (Gronwall-Bellman Integral Inequality) If there exists a function z(¢) satisfies z(¢) <
ft ; a(s)z(s)ds + b(t), with the real function a(¢) and differential real function b(¢). Then it holds that,

7(t) < b(ty) exp (f a(s)ds) + f b(s)exp (f a(r)dr) ds.

Specifically, if b(1) = b, it follows z(t) < bexp ([! a(s)ds).

Definition 3: If 9 : R" — R satisfy the following conditions: i) continuously differentiable; ii)
positive definite; iii) radially unbounded, then function  is called as Cp-function.

Lemma 4: For continuously differentiable function x : [#y, +o0) — R and Cp-function ¢ : R" — R.
Set V(1) = 9(x(1)), for 0 < e < 1, If there exists constant &, such that

s DIV(D) < kV(D), 2.1)
then we can get V(¢) < V() exp ('}((’1_3) )
Proof. On the basis of (2.1), it holds that
¢ DIV(t) = kV(1) - (), (2.2)

then taking the fractional integral ,, I on the both sides of (2.2), it obtains that,

-9 - (=) V(s)
V() = Vito) + f oI (1) - at0) ds < Vi +F f go o V)

Then according to Lemma 3, it holds that V(r) < V(%) exp ( f k(tri();) ds) then from f k(’rf; ‘ds =

k;f(at?l) , we can further get, V(¢) < V() exp (kr((tlf’;) ) the proof is completed.

ds.
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2.3. Basic knowledge of aperiodically intermittent control

As for the aperiodically intermittent control protocol, some corresponding knowledge are given in
this subsection, which in order to make the networks of fractional diffusion equations PDEs achieve
exponential consensus.

Assumption 1: Regarding aperiodically intermittent control protocol, there exists two constants 6
and 7, satisfy 0 < § <y < +oo, form =0, 1,2,..., such that,

{ inf, (&, — tn) = 0,
Supm(tm+1 - tm) =n,

which means that the rest width no more than n — 6.

Lemma 5: For continuously differentiable function x : [#y, +o0) — R and Cp-function ¢ : R" — R.
Set V(1) = #(x(r)) and 0 < @ < 1. If there exist constants @ > 0 and b > 0, satisfy the following
conditions form =0,1,2,...,

i) L, DIV(t) < —aV (), tn <1< &,
e DIV < DV(1), Em << tyits

i) 0 < 0 = exp (775 ) exp (k) < 1 (ice., af” > byy®), then V(#) < V(0) exp (k).

T(1+a) T(l+a) T(l+a)

Proof. 1) For 0 =ty <t < &, on the basis of Lemma 4, it follows that,

V() < V(0) exp(%ja)), (2.3)

then, we can further get,

—ag; —ah”
V(eg) < V(0) exp(r(1 n a)) < V(@) exp(r(1 n a))' 2.4)
2)If gy <t < t;, combine Lemma 4, (2.3) and (2.4), it holds,
b(t — &o)" —agg b(t — &o)"
V(1) < V(gp) exp (m) < V(0)exp (F(l n a)) exp( Tl +a) ) , 2.5

by (2.5), we can easily get,

N1 bt — N
Hw=roer (F(lafoa)) o (%

—af” bn*
) < V(0) exp(r(1 - CV))exp (F(l n a)) < V(0)o. (2.6)

3) When 1; < < gy, it follows from (2.6) that,

—at —n)*

I'(l1 +a) 2.7)

V@) < V(tl)exp( M)

) < V() exp( T +a)

next, it obtains that,

—af”
V(er) < V(0)oexp (F(1a+ a/))'
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4)If &1 <t < 1p, one has,

b(t—¢e)* —ag” b(t — &))"
V(t) < V(81) exXp (m) < V(O)Q exXp (F(l n a/)) exXp (m) , (28)

then on the basis of (2.8), yields,

V(t:) < V(0)0™.

Then according to mathematical induction, it follows that, for ¢, <t < g,

V(t) < V(0)o™ exp (%) (2.9
meanwhile, by (2.9), we have, for g,, <t < 1,41
— 9‘1 b - &n o
V(1) < V(0)0™ exp (r( 1“+ a)) exp( r(21 fa)) ) . (2.10)

Assuming that (2.9) and (2.10) hold, then for m = k + 1, it is easy to obtain that,
V(ti1) < V(0)0".

Therefore, if f;,1 <t < &i41,

V() < V(O0) ! exp (M)

I'a+a

s0 V(gx1) < V(0)oF exp (r?fii))
And for g, <t < tr42,

V(t) < V(O)Qk+l exp( —ab” ) (b(l - 8k+1)a) ’

Ta+a)) P\ T +a)

thus, V(ti42) < V(0)o*+2.

Above all, (2.9) and (2.10) hold for m = k + 1. Therefore, for any #,, < t < &,41, We have
V(t) < V(0)o™?2, i.e., V(1) < V(0) (exp (_;?::Z;]a ))m+2 < V(0)exp (_;?{;:Z’;a ) the proof of this Lemma is
completed.

3. System model description

3.1. System model

The networks of fractional diffusion PDEs, which consist of N subnetworks are presented in this
subsection. The dynamic of i-th subnetwork is described by,

g . 2 .
Tt = prt + fwi(x,0),12 0,x € [0, 1],

e O )
w;(x, wi(X,
=5 0= 0, =57 == wid), 3.1)

wi(x,1) |=0= wio(x),

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12649-12665.
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where w;(x,t) € R, denotes the state of the i-th subnetwork at the position x with the time #; p € R is
the diffusivity parameter; u;(f) € R stands for the boundary control input for the i-th agent; w;o(x) €
C([0,1], R), is the initial value, i € v; f : R — R is the nonlinear function about w;(x, t).

Set the error is e;;(x, 1) = w;(x, 1) — sgn(a;j)w;(x, 1), then the error system can be described as

0%e;j(x,1) 9? (X1 7

e "=p ;;(( ))+ fleij(x,1)),1 > 0,x €[0,1],
eji(x,t e;i(x,t ~

(/9): x=0— (jgx |x=l: I/t(l), (32)

e;j(x,1) li=0= e;jo(x),

where ¢;;0(x) € C([0,[],R), is the initial value of ¢;;(x, ). p is the same as that in (3.1). Meanwhile,
f(eij(x’ D) = flwij(x,1) — sgn(a;j) f(w;j(x,1) , u(t) = u(t) — sgn(a;)u;(r) and e;jp(x) = wjp(x) —
sgn(a;j)wjo(x), for i, j € v. Set ei(x,1) = X jen; €ij(X, 1) = X jen; (a)i(x, 1) — sgn(a;j)w;(x, t)).
Throughout this paper, for the nonlinear function f, the following assumption is satisfied.
Assumption 2: For function f, the Lipschitz condition is satisfied, i.e., V 6,17 € R, there exists u > 0,
such that,
1f(6) = f(m)] < uld —nl.
Under Assumption 2, the well-posedness of networks (3.1) and (3.2) can be easily get by [47].
Definition 4: (Exponential Bipartite Consensus), If there exists a constant ¢, for any x € (0, [),

lim le;(x, DIl < llew(x, Dl expi—}, Vi, j € v,
then networks of diffusion PDEs are said to achieve the exponential bipartite consensus with the rate 1,
under control protocol u;().

On the basis of Definition 4, the exponential bipartite consensus issue is investigated, which can be
transformed to discuss the exponential stability of error system (3.2).

4. Exponential bipartite consensus for networks of fractional diffusion PDEs

In this section, the exponential bipartite consensus for MASs of fractional diffusion PDEs is con-
sidered on a directed graph via intermittent boundary control protocol.

4.1. Exponential bipartite consensus via aperiodically intermittent boundary control
Consider the designed aperiodically intermittent control protocol as following:
() = { —k 2 jen; Gij (wi(x, 1) — sgn(a;j)wj(x, t)), tm S 1< Ep, @.1)
07 Sm S t S tm+1a

where i € v, and k > 0, is called the control gain which to be determined later.
Theorem 1: Under Assumptions 1 and 2, if the following inequalities hold,
1) m6* > myn®;
2) if there exists constant £ > 0, such that,

where ¥y = =25 (ply + %), ¥, = =2pkL+ (1> + DIy, m; = Apin(=¥) and m, = p* + 1, then networks of
diffusion PDEs can achieve the exponential bipartite consensus via intermittent control protocol (4.1).

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12649-12665.
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Proof. Construct the following Lyapunov function

N !
V()= Y Vilo), Vi(t) = fo ef (Hei(ndx,
i=1

for t € [t,,,t,,+1], by Lemma 1, take the fractional derivative of order @ with respect to V;(¢), derives,

CDGV(t)<2f e; (x )a e(x t) —2f Zelj(x I)Z ~ egt((f t)

JEN; JEN;
( 0e; ](x 1)

_2f Delen

JEN; JEN;

+ £ (ex, z))) dx

Next we divide the time into two sections for discussion.
Step 1: For t € [t,, €,), applying Lemmas 2 and 3, we obtain,

f Zelj(x Z)Z( de;j(x, t)) .

JEN; JEN;

oel .
_2pZe,,(l )Z 0elj(l t) f Z i (x ) 8613(; Z)dx

JEN; JEN; JEN; NL

0
= - 2Pkf Z el](l t)Z ll]el](x t)dx 2pf Z e (x t) ael}a(j l)

JEN; JEN; JEN; EN

la T t
< = 2pK; f e] (1, Dei(x, Hydx = 2p f ¢i (5. D) dei(x, 1)
0 o Ox dx

[ [
< — 2pkl; fo (ef (x. ) + & (x. 1)) ei(cx, dx — ;—g fo &l (x, 0)&,(x, Hdx

where é;(x, 1) = e;(I,t) — e;(x, t). Then on the basis of Assumption 2, we have,

/
2 f el (x, 1) f(ei(x, t))dx
0 4.2)

[ [ [
< f el (x,t)e;(x, dx + f flel (x,0)f(ei(x,t))dx < (u* + 1) f el (x,t)e;(x, Hdx.
0 0 0

Combining the above three formulas, we can easily get the following results,

[
¢ DOVi(1) < — 2pkl,; f (] (x.0) + &] (x. D) ex(x, D)dx
0

mp

[ [
- 35 el (x, )éi(x, dx + (U + 1) f el (x, Pei(x, Hdx
0
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ST ~T T r
where e; (x,1) = (el. (x,1),e; (x, t)) . Hence, we get,

[
¢ DIV(1) < - 2pkL f (e"(x. 1) + &' (x,0)) e(x, )dx
0

[

1
47;2 el (x, H(ply + *)é(x, t)dx + (,u + DINf el (x, De(x, )dx
0
!
= f e’ (x,t)¥e(x, Hdx,
0

T
where &7 (x, 1) = (éT(x, 0, el (x, t)) , set m; = Apin(—P), we can further get,
DYV(t) < —my V(1).

tm

Step 2: For t € [, 1), apply Lemma 2, we obtains

f Zel](x f)Z( »e;j(x, t)) .

JEN; JEN;
de;; (1 H 6eT(x 3) ael D)
20 3 el 3 D oy (5 IR 5 2
N P JeN; jen o*
6eT(x 1) de;i(x,t L 8el (x,1) He;
:—pr Z e]a(x ) dx = —2/0[ e )6el(x’t)dx
jeN ; M X o Ox 0x
_np
212 i (-x5 t)el(xa t)dx9

then combine with (4.2), the following inequality is established,

/ /
¢ DIVi(p) < —2—1’2 f el (x, H)ei(x, dx + (U + 1) f el (x,Dei(x, ydx < (U + HVi().
0

Furthermore, set m, = (u> + 1), we can get &, Dy V(1) < myV (). Above all, it holds that

. DEVi(@) < —m V@), tn S 1< &Ep,
&, DI Vi(t) < myVi(p), Em ST <lpy1;

By Lemma 3, it follows that, Vi(r) < Vi(fy) exp(=2E2miy - By applying = V() = fol el (Nei(t)dx,

T(1+a)

) S 6 o ) }
it holds that || X} jen, €:(x, DI* < I 2 jen; €ijo(x, DI eXp("’}(l—m), we can easily get lim,_,, |le;(x, 1)|| <

lleio(x, Dl exp(%). Then by means of Definition 4, which shows that, the exponential bipartite

consensus for networks of diffusion PDEs can be achieved, under the control protocol (4.1).
5. An application for high-speed aerospace vehicle

The high-speed aerospace vehicle, which displayed in Figure 2, is modeled to show that the theo-
retical results are effective.

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12649-12665.
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Figure 2. The high-speed aerospace vehicle model (from the internet).

The surface of high-speed aerospace vehicle is shown in Figure 3, and it holds that, E, + E,., =
Ecopy + Ergq+ Evine + Ecig. More details of the modeling process can be found in [48]. By analogy with
[46], we can further establish the high-speed aerospace vehicle model via fractional calculus. Next we
research the bipartite consensus issue of high-speed aerospace vehicles via aperiodically intermittent
boundary control strategy, by applying the theoretical results we presented.

Surface of the high-speed aerospace vehicle |

E i E
cony

Figure 3. The topologies among high-speed aerospace vehicles.

Consider the high-speed aerospace vehicles modeled by networks of diffusion PDEs (3.1) with
N = 20. Number each high-speed aerospace vehicles, the topological graph among them is shown in
Figure 4. Next, some suitable parameters are given. f(w(x,1)) is chosen as cos(w(x, t)), which satisfies
Lipschitz condition with u = 1. Seta@ = 0.3,/ =5, p = 6, 0 = 0.08 and n = 0.03. Furthermore,
the validity of theorem is verified by simulation results. The initial values of the aerospace vehicles
states are selected as w;o(x) = sin(0.5ix), for i € v. The state trajectories of aerospace vehicles are
described in Figure 5. The communication information among followers is stored in A = (a;;)yxy and
the corresponding L = (I;j)nxn-

By LMI toolbox, it holds that, £ = 0.076. The bipartite consensus of high-speed aerospace vehicles
modeled by (3.1) can achieve, which displays in Figures 6 and 7. Therefore, the goal of this brief
shown can achieve, and the theoretical result is verified.
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Figure 6. The state trajectories of high-speed aerospace vehicles under boundary control.
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Figure 7. The error state trajectories of high-speed aerospace vehicles.
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6. Conclusions

In this paper, the bipartite consensus has been investigated for the multi-agent networks of fractional
diffusion PDEs via aperiodically intermittent control protocol. To achieve the exponential goal, a new
aperiodically intermittent boundary control strategy was designed for PDEs system. Under the de-
signed aperiodically intermittent boundary control mechanism, the exponential convergence principle
is developed for continuously differential function. In addition, the exponential consensus conditions
have been established in terms of LMISs.

In the future, the research direction will focus on the consensus for networks of fractional/variable-
order PDEs systems

1) control protocol design: sliding mode control, event-triggered control and so on;

2) topology: switching topology, stochastic topology, fuzzy topology and so on;

3) application: viscoelasticity, transport processes and control, as well as the biological interaction
seen in nature.
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