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Abstract: In this paper, a fixed-time consensus control algorithm is proposed for non-triangular
structure stochastic nonlinear multi-agent systems (SNMASs) with input saturation via the command-
filtered backstepping design method. Fuzzy logic systems are employed to identify the nonlinear
dynamics of each agent. By introducing the fixed-time command filter and constructing the fractional
power error compensation mechanism, the “complexity explosion” problem is effectively avoided, and
the influence of filtered errors is eliminated in a fixed time. Based on the fixed-time stability theory,
it strictly proves that all signals in the closed-loop system are fixed-time bounded in probability, and
the consensus error converges to a sufficiently small neighborhood of the origin in probability within
a fixed time. Finally, a comparison simulation example verifies the effectiveness and superiority of the
proposed fixed-time consensus control strategy.
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1. Introduction

Multi-agent systems (MASs) possess autonomous perception, decision-making, and action
implementation capabilities, and these agents execute intricate control tasks through communication
and cooperation collectively [1]. Owing to their distinctive collaboration abilities, MASs have shown
significant potential applications in various areas, including formation control of unmanned aerial
vehicles [2, 3], coordinated control of multiple robotic arms [4], and synchronization control of
distributed spacecraft [5]. Given the prevalence of stochastic disturbances in engineering and most
actual control systems being nonlinear, many scholars are increasingly drawn to the control problems
of stochastic nonlinear multi-agent systems (SNMASs) [6-8]. The stochastic disturbances
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significantly complicate the control system design process, and the effective distributed control
algorithm for SNMASs has become both critical and challenging.

By employing the backstepping design method, a distributed adaptive containment control scheme
was presented for strict-feedback SNMASs [9]. Considering that the states of SNMASs are
unmeasurable, a distributed adaptive output-feedback control algorithm was devised in [10].
Nevertheless, the “complexity explosion” problem arises in classic backstepping-based distributed
control strategies. In [11], an event-triggered distributed containment control strategy was developed
by applying the dynamic surface control method, effectively avoiding the “complexity explosion”
problem. However, it should be noted that [11] does not consider the impact of filtered errors on
system performance. Moreover, the distributed control schemes [9-11] are only applicable to
strict-feedback SNMASs and cannot be extended to more general SNMASs in non-triangular form.
For non-triangular structure SNMASSs, the nonlinear terms involve all state variables of each agent,
and directly employing the aforementioned distributed control algorithms may lead to the algebraic
loop problem.

Based on the command filter technique combined with state observers, the distributed
output-feedback control problem was studied for non-triangular structure SNMASs with
unmeasurable states [12, 13]. Considering non-triangular structure SNMASs are subject to unknown
control gains and output constraints, a command-filter-based distributed consensus algorithm was
proposed in [14]. By adopting the command filter technique, these distributed algorithms [12-14]
address the “complexity explosion” problem and remove the impact of filtered errors. Nonetheless,
they can only ensure the asymptotic convergence of SNMASs. Subsequently, a finite-time distributed
control strategy was presented for SNMASs with sensor faults [15]. In [16], the finite-time optimized
control for SNMASs with non-triangular structure and non-affine nonlinear faults was investigated. It
should be pointed out that the convergence time of finite-time distributed control strategies is closely
tied to the system’s initial states, and the control strategies may become ineffective when these initial
states are difficult to obtain or even unattainable. In [17], a fixed-time control theory was put forward,
and the upper bound of the system’s convergence time is unaffected by the initial states, which are
related to the controller’s parameters. Considering non-triangular structure SNMASs with actuator
faults, the fixed-time distributed fault-tolerant control issue was addressed in [18]. To lessen the
communication burden of non-triangular structure SNMASs, an event-trigger-based fixed-time
containment control algorithm was formulated [19]. In [20], the event-triggered fixed-time
containment control algorithm for SNMASs with input-delay was presented.

Note that SNMASSs are prone to input saturation due to actuator constraints imposed by mechanical
structures or component performance. While collaboration among multi-agent systems heavily relies
on continuous and accurate control inputs, ignoring input saturation may directly impact the system’s
coordination capabilities. Thus, it is necessary to properly address the SNMASs with input saturation.
Considering state-constrained SNMASs with input saturation, by designing the saturation controller to
avoid the input limitation problem, a distributed event-triggered control scheme was proposed in [21].
By constructing compensation systems, the issues of finite-time control and prescribed performance
control for SNMASs with input saturation were investigated in [22, 23], respectively. For SNMASs
with input saturation and sensor faults, an adaptive fault-tolerant containment control strategy was
designed in [24], where the saturation function was approximated by a smooth function. By far, there
are few results available on the fixed-time distributed control of non-triangular structure SNMASs with
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an input saturation based on command-filtered backstepping design approach.

Inspired by the preceding discussions, for non-triangular structure SNMASs with input saturation,
this paper presents a fixed-time consensus control algorithm based on the command-filtered
backstepping design method. Compared to existing results, the main contributions of this paper are
given as follows:

(1) Unlike the backstepping control schemes [9, 10] and the dynamic surface control strategies [11]
for strict-feedback SNMASs, this paper targets the more general non-triangular structure SNMASs.
By constructing a fixed-time command filter and a fractional power error compensation mechanism,
the proposed fixed-time distributed consensus control algorithm not only addresses the “complexity
explosion” problem but also removes the impact of filtered errors on the performance of SNMASs in a
fixed time.

(2) Different from the asymptotic convergence control schemes [12-14] and finite-time
convergence control schemes [15, 16] for non-triangular structure SNMASs, this paper proposes a
fixed-time distributed consensus control scheme, whose upper bound of convergence time is not
influenced by the initial states of each agent. By adjusting control parameters, it ensures that the
consensus error converges to a sufficiently small neighborhood of the origin in probability within a
fixed time.

(3) Compared with conventional approaches for anti-saturation algorithms [22, 23], this paper
designs a compensation system with fixed-time convergence that resolves the limitation of input
saturation.

2. Problem formulation and preliminaries

2.1. Graph theory

To denote the communication relations among N followers in SNMASs, a directed graph
Ne = (Ve Ee)
is employed, with &g € V¢ X V; denoting the edge set and Vg = {1, ..., N} being the node set.
N, ={l]U,m)e E)

is defined as the neighbors set for node m, where the directed edge (I,m) € &g denotes that the m-th
follower can acquire information from the /-th follower. The adjacency matrix

Q:G = [Cm,l] € RNXN
is defined as c,,; = 1 if ([, m) € &; and ¢,,; = 0 if ([, m) ¢ &g. The Laplacian matrix is represented as
PBe = Je — C,
in which
N
Je = diag{ji,.. o Nty g = Zcm,l-

=1
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Furthermore, an augmented directed graph
Ne = (Vs. &)
is applied to describe the communication relations between the leader 0 and the N followers.
Lo =diag{ly,..., ¢y}

in which ¢,, = 1, if the m-th follower can acquire information from the leader, otherwise ¢,, = 0. If
there exists at least one directed path from the leader to other followers, then the augmented graph
contains a directed spanning tree.

2.2. Stochastic theory

Consider the following stochastic nonlinear system:

d{ = ¢({)dt + p({)dw, 2.1)

where { stands for the state vector; g({) and p({) are smooth nonlinear functions satisfying g(0) = 0
and p(0) = 0. w represents an s-dimensional independent standard Brownian motion.

Definition 1. [25] For any continuous positive-definite Lyapunov function V() € C? associated with
system (2.1), define its differential operator LV({) as

ov 1
LV()) = %q(é) +oTr {pT(é)

*V(©)
a2

204 )} :

2.3. Problem formulation

Consider the following non-triangular SNMASs composed of one leader and N followers, where
the dynamics of the m-th follower are described as

dxm,b = (xm,b+1 + fm,h (-xm)) dt + h;rr,,b (xm) dw’
dxm,nm = (um (Som) + fm,nm (xm)) dr + h;lq;,nm (xm) dw, (22)

Ym = Xm,15
wherem=1,....N,b=1,...,n, —1;
X = [Xm1s--- ,xm’,,m]T e R™
represents the state vector; y,, € R is the output signal of the m-th follower.
Sup() :R"™ =R and h,,;(-): R —» R’

are unknown smooth nonlinear functions. u, (p,) is the system input affected by saturation
nonlinearity with

ummaXs pm 2 ummax’
Up (Som) =4Pm, Uy < Om < U5

ummina Som S ummin’
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where u,, . > 0 and u,,, < O are constants; g,, is the input of saturation nonlinearity. A smooth
hyperbolic tangent function z,,(¢,,) is introduced as

Pm

Mmmax

U, * tanh( ), ©m = 0,

Un(9m) =

U, * tanh( il ) Pm <0,

Winonin
then u,, (9,,) can be rewritten as
U (Pm) = tn(Pm) + Tn(Pm),
where
(Pl = [t (Pm) = 1m(Pm)| < Max{uey,,, (1 = tanh(1)), uy,,, (tanh(1) = D} = Dy,
Control objective. The aim of this paper is to develop a fixed-time distributed control scheme those
ensures the outputs of all followers are synchronized with those of the leader r(¢), and the consensus
error y,, — r(t) converges to a sufficiently small neighborhood of the origin in probability within a fixed
time.

Assumption 1. The augmented graph N¢ contains a spanning tree, and B¢ + g is invertible.
Assumption 2. The leader’s signal r(¢) is first-order continuously differentiable and bounded.

Lemma 1. [26,27] For a continuous function F'(x) defined on a compact set € and any given constant
& > 0, there exists a fuzzy logic system (FLS) ®7(x)S (x) such that

F(x) = @' (0)S(x) +o(x), o)l <e,

where
@ = [1(x), ..., d(0)]"

represents the ideal weight vector;
S(0) = [S1(x),.... Su (T / Y Sy(x)
b=1

denotes the basis functions; w is the number of fuzzy rules;
Sy(0) = exp |- (x = @) (x =) /73],
where ¢, is the center of the Gaussian function, and 7, is the width.

Lemma 2. [28] For X, X; € R and ¢4, ¢2, g3 > 0, the following inequality holds

q> - +
|X |Q1+42 + 92 |X |41 qz.
q1+qZQ3 1 q1+(I2q3 2

q1

X7 Xo|" <

Lemma 3. [29] Foru, € R, b = 1,..., @, the following inequalities hold:

b=1 b=1

w w 1

Dl > ' (Z |ub|) , A>1
b=1 b=1
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Lemma 4. [30] For the radially unbounded Lyapunov function V() € C? associated with system (2.1),
if kg, >0,kq, >0,0<d; <1,d, > 1, 7> 0, satistying

LV() < kg, VIO = ke, VO + 11,

then (2.1) is practical fixed-time stable in probability. Furthermore, the convergence time 7 satisfies

1 1
+ s
de(l -d) kdzs‘(dz -1)

E(T) < Thax =

and the solution set is given by

n 1/d, n 1/d
fe{v@smln{(a—g)m) () }} e

3. Main results

In this section, a fixed-time distributed control algorithm for SNMASs with input saturation is
proposed. Before the command-filtered backstepping design process, define the following constants:

2
em,b = ||(Dm,b|| P gm = max {Hm,laem,b ceey gm,nm} s

inwhichm=1,...,N,b=1,...,n,. @m,b represents the estimated value of 6,,,, and ém,b = Opp — @m,b
is the estimation error.
Define the following synchronization errors for the m-th follower:

N

St = D i Om =Y + by G = 1), (3.1)

=1
Smb = Xmb — Wb b= 2’ ceey Ny, (32)

where 7, 5, 1s the output signal of a fixed-time command filter and the distributed virtual control signal
@ 1s the input signal. Design the fixed-time command filter as follows:

.m = —Dnm %m m + U )
{,U b1 b1 Bompt (mp) + 1 b2 (3.3)

Lz = =BmprRmpz Omp) »
whereb=1,...,n, -1,
: N
Ronpd (mp) = (L\/mb| + Kb l/\/m,b| )s1gn (Xmb) »

1 3 2, .
%m,b,Z (Xm,b) = 2Km,b/Ym,b + (E + EK’i’b I/\/m,b| ) s1gn (/\/m,b) ,

Xmpb = Hmpb1 — Umbs  Mmp1l = Tnps

and B,,,1 > 0, B,,,2 > 0, k,,, > 0 are the filter parameters.
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Remark 1. After introducing the fixed-time command filter (3.3), the derivative of the virtual control
signal a,, can be quickly approximated by the filter output signal, as a result the “complexity
explosion” problem encountered in traditional backstepping approaches [9, 10] is skillfully
addressed.

To eliminate the impact of filtered errors on system performance, design the error compensation
signal &,,;, as follows:

; di-3 dr-3
Eml = V1 mi — k1 mj + U+ Jm) Em2 + Tz — A1) s (3.4
; di-3 dr-3
é:m,b = —Vmpb m’ll, - km,b m,Z + gm,b+l F Tnpr1 — Apps (35)
; di-3 4dy-3
gm,nm = Vmn, m,rl,m - km,ﬂmgm’flm s (36)
where b = 2,...,n, - 1,3/4 <dy < 1,d, > 1, v,jand k,;, j = 1,...,n, are positive design

parameters.
Define the compensation tracking errors as follows:

Vm,h = Sm,h - fm,b’ b = 1, cees My — 1’ (3'7)
Vi = Sma, — é:m,nm - lpm’ (38)

where i, is the saturation compensation signal, which is designed as

7 d d.
lﬂm =Yy, - m2 + Ly (80m) = Pm-

Remark 2. Different from asymptotically convergent saturation compensation systems [22, 23],
fractional power terms —y! — % are constructed to ensure that the compensation system converges

within a fixed time.

Design the distributed virtual control signal «,,;, and the fixed-time distributed controller ¢,, as
follows:

1 1 3
_ 4d;-3 4d,-3 3 ) T .
A1 T )(_Vm,lvm’l —knav,1  — oy Vi 1Om 1S 1S ma + Z CmiX12 + fmr) - 7Vms (3.9)
m + Jm D =T
U = — VoV 073 — o, 423 ! v 0naST S —1(5 + )+§v + 7T (3.10)
m,2 m2V, 2 m2Vy, 0 2612 m2Ym29 1y 20 m,2 4 m T Jm 4 m,2 m2s .
m,2
_ 4d;-3 4d,-3 3 A T .
App = — Vm,bvm,h - km,b mb Vm,bem,bS m,hSm,b t b — Vimbs (31 1)
m,b
1 A
_ 4d;-3 4d,-3 3 T B d d.
som - Vm’nmvm:’l'lm - km’nmvmsflm - 2a2 vm,nmgm’ﬂmsm,nmsm,ﬂm + ﬂ-m»nm - Vm,n,,, - l//ml - lﬁl’i’lz’ (3'12)
My,
where b = 3,...,n, — 1. The adaptive law 6,,;, is designed as
by = 2208 ST Oy, b=1 3.13
mb — 2612 Vm,b mpb® mb Ym,bOm.bs =1,..., 0, ( . )
m,b

where a,, 5, Ym» and 4, are positive design parameters.
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4. Stability analysis

Theorem 1. For non-triangular SNMASs with input saturation satisfying Assumptions 1 and 2, the
error compensation signals (3.4)—(3.6), the virtual control signals (3.9)—(3.11), the designed distributed
controller (3.12), and the adaptive law (3.13) ensure that all signals in the closed-loop system are fixed-
time bounded in probability, and the consensus error between followers and the leader converges to a

sufficiently small neighborhood of the origin in probability within a fixed time.

Proof. The detailed proof is presented as follows:
Step 1. From (2.2), (3.1) and (3.7), one has

dvm,l :((fm + ]m) (Vm,Z + gm,Z + Mo + fm,] -y + am,]) - fmr - é::m,l

- Z Cma (Xp2 + fl,l))dt + [(fm + Jm) By — Z Cmihy |dw.

1R, 1R,
Choose the Lyapunov function as

1 .

1 1
Vit = =V + = +—0
1 4Vm,1 531,1 21

4

m,1°*

According to Definition 1, LV, ; is computed as
LVm,l :an’]((fm + ]m) (Vm,Z + ‘fm,Z + Ty + fm,l — Q) T am,l) - fmr - é:m,l

. 1 -
- Z Cmg (Y12 + fl,l)) + f;,lfm,l - /1_0)71,10m,1

= m,1

T
3
+ Evi,l [(gm + .]m) hm,l - Z Cm,lhl,l] ((gm + .]m) hm,l - Z Cm,lhl,l] .

1eN,, leN,,

By utilizing Lemma 2, one yields

.
3
SV {(ﬁm SIOLEDY cm,lhl,l) [(fm SIOLEDY cm,,hl,l)

[eN,, leN,,

4

3
+ -
4

3
< Zviﬂ

(gm + .]m) hm,l - Z cm,lhl,l

leN,y

Define
3

_ 3
fm,lz (fm + ]m) fm,l - Z Cm,lfl,l + va,l||(€m+ .]m) hm,l - Z Cm,lhl,1||4+ va,l'

leiRm I EiRm

According to Lemma 1, a FLS being used to identify £, ;, it follows that

Fort = @1 St G 1) + Tt s 30, [T Gy XD| < 1.

4.1)

4.2)

4.3)
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According to the property of the FLS, one has

St Coms X0) S it s X0) <8 31 (K1 %01) S it (K15 X11) -

Based on Lemma 2, it can be concluded that

- 1 1 3 1
V,il,lfm,l <55 202 ml ||(I)m1|| Sml (xml’xll)Sml(xmlaxll)_'_ aml + vml 7

m,1

1
(€ +Jm)vm1vmz<(f +Jm)(4 Vil ZV%)-

According to (4.2)—(4.5), the following inequality can be acquired:

3
£Vm1 Svml ((f + _]m)( le + é‘:mZ + T2 — am,l + am,l) - fmr

1 1
_Z CmiXi2 — é:ml + 2 ) V 9 IS;;,[Sm,l]'l' Z(€m+]m)vfn,2

leNn,, m,1

1 3 1
- 9 19m1+ + am1+

1
m, + m,
/lml 4 2 8m1 gmlé: 1-

4
By substituting (3.4), (3.9) and (3.13) into (4.6), it yields

4d1 dl -3 3 d2
—£Vm,1S_Vm1V kmlvm1+vm1§4 1+kml'§f:ll ml

m,1
7ml
+ =
/1m1 2 4 i 4

* f}i,l (fm + ]m) (7Tm,2 =@yt §m2) - km,l‘g‘fn,l - Vm,lffnt,ii .

A 1
Hm leml + = (fm + ]m) Vm,z + aml + -

Based on Lemma 2, the following inequalities are satisfied:

4d
di— I d) 4d,
leé:A ml = 4d1 ml‘fv:4 levml’
é‘Adz 4d2 §4d2 4d,
ml ml— 4d2 ml 4d2 mlvml

By substituting (4.8) and (4.9) into (4.7), it follows that

3 Ym.1 = A
LV < - (1 - —) Vin, vidl - — V. §fnd‘ + =—=6,,.10,.
1 4 Vi 4-d1 1Sm.1 /lm’l 1 1

3 4d d. 1 4
I P A L
( 42) Pl T 44, 1 7 (n ) Vi

3 1 1
+ — 1 + 261,2,1 4 ml +§m1 (5 +]m) (ﬂmZ (0775 +§m,2)'

Step b(2 < b <n,—1). Base on (2.2), (3.2) and (3.7), one has

dvm,b = dxm,b - d‘fm,b - dﬂ'm,b = (xm,b+1 + fm,b - ﬁm,b - gm,b) dr + hm,bda)-

4.4)

4.5)

(4.6)

4.7)

(4.8)

4.9)

(4.10)

4.11)
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Choose the Lyapunov function as

1 14 2
Vm,b = Vmb 1+ Vmb + ng,b + Hmb

4 24mp

According to Definition 1, LV, is calculated as

3 - ;
LViup =LVyp1 + Vm’b(vm,b+1 + Enpr1 t st — Uy + Ay — T — fm,b)

3 . 1 - 4
+ _vi,hh;,hhﬂhb + gfn,bfm,b - On.oOm.p- (4.12)
2 /lm,b

By using Lemma 2, one yields

3

S Vnoltmshn < mbllhmbll (4.13)
Define ; ;
fm,b = fm,b + va,b ||hm,b||4 + va,b~

By applying a FLS to identify f,,,, it can be acquired that

F T
fm,b = (Dm,bSm,b < Emp.

According to the property of the FLS, one has

mb(xm)Smb(xm) < STb(xmb)Sml (-xmb)

where

)_Cm,b = [-xm,l’ ey xm,b]—r .

Based on Lemma 2, the following inequalities are satisfied:

_ 1 1 3 1
3 4 4
v Fop < v, ||<Dmb|| Sy Fons) Smp (Fonp) + =2, + Ve, + —&4 (4.14)
2a ib 2 4 4
3, 1
vfn,bvm’bﬂ < va’b + Zvj@bﬂ‘ 4.15)
By utilizing (3.5), (3.10), (3.11) and (3.13), it follows that
b 3 b 3
_ _ 4d, _ dy _ o . Ad,
LV < 2 (1 ad ) Vi, Vo i ; mjéff” ; 1- 4d2)km,/vm,.,-
b b b
=3 b+ 30 (3 3+ 3ok )+ 2.3,
J=1 j=1 7=
1 b
+ van,bﬁ + Z fiq,j (fm,j + Jm,j) (7Tm,j+1 -y j + fm,j+1)- (4.16)
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Step n,,. According to (2.2), (3.2) and (3.8), one has

dvm,nm = (um (Som) + fm,n,,, - 7Tm S é::m,nm - l//m) dr + hm,nmdw
= (9 + T () + W+ W82 = T, — ) dE + i, 0, (4.17)

Choose the Lyapunov function as

N2
6
Zﬁm n”l " nm

+ 2 ¥

imn imn— ‘
sftm ml 4 mnm 1

Based on Definition 1, LV,,, 1is computed as

-£ m,ny, LVm Am—1 + V (Som + l_m (pm) + l//il + wi[z - ﬂ-m,nm - ém,nm)

3 ; ~ A
Boys B + &y Emmn = =B O 4.18
2 m nm m,ny, S é:m,nmé: S ﬂm,nm ST 2 M,y ( )
By utilizing Lemma 2, the following inequalities are satisfied:
3, 3 4 3
= B By < Vi || + 5 4.19
2vm Ny "NL,Ny, s'tm 4vm,n | s'tm 4 ( )
3 1
3 4 4
D, < - +-D. 4.20
vm,nm 4vm,nm 4 m ( )
Define 3 3
- 4
m,n, m,n, Vinn m,n, + —Vmn
f srtm f m m | m 4v »'tm
with a FLS utilized to identify f,,, , one ylelds
o = P S iy Con) + Ty i) s Ty Cin)| < Emy-

According to Lemma 2, it can be obtained that

= 1 2 1 3 1
3 6 T 2 4 4
Vi mnm < 2a2 Vi || L, Sm i (Xm) Sm,nm (Xm) + 2am e T va’nm + ng,nm’ 4.21)
m n”'l

By substituting (3.6), (3.12) and (3.13) into (4.18) and based on (4.19)—(4.21), the following
inequality can be acquired:

m 3 4d, Nm 3 4 Nm 3 ady
LVm,nm <- Z:‘ (1 - 4-_411) vm,bvm’b - bZ 4_d1vm’b mb hZ (1 - 4_d2) km’bvm’b

b= 1 1
Ly Y Yo 4
+ Z (4 b T 48m,b) ; " b Omp + 4Dm
Nm =1
_ZTdemb )+ hz;‘fmb(f b+.]mb)(7rmb+1 _a’mb+§mb+l) (422)

By using

Qm,b = em,b - Hm,ba
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and combined with Lemma 2, one has

1. 1
< (3. 3%) -2,
1. 1
< —593,1,;; + 5951’,,. (4.23)
By substituting (4.23) into (4.22), one yields
nm n)?l ’ym’b - nm 3 4d
anS 1__ m, 4d1_ m, 92 - 1__km ;
‘£ M ;( )V bv Z 4d g Vmb mb - Z/lm,b m,b ;( 4d2) bvmb
N d Nm 0 d N 0 d
_Zik Z_Z(m) me 2+Z(M)d1 9,2”,1, I_Z(M)dl Hi,b 1
Lidd, b N2 ) \20) SN2 24ms) SN2 240
Nm ny,—1
Vm,
"‘22/1 bb meb(fmb+]mb)(ﬂmb+1 amb+§mb+1)+
b=1 m,
Ny 3 1 1 Ny '}’mb) 92 d
+ -+ +— + . 4.24
2(4 2 * g mb) Z( 2 2/1mb (424)
b=1 b=1 ,
Based on Lemma 3, it follows that
Ny, V4 di Ny 4 di Ny y y
mb m,b m,b 2 mb %
Vo, <—k — | -k — | + 9
‘E m dl (bzz; 4 ] dl [; 4 ) Z/lmb mb Z l’l’lb
k [nm f:i,b]dz k ["m érzn,b ]dl k [i an,b)dz k ( . é?n,b )dz
— Rd, | T R’y RAY) | T Ry
b=1 4 b=1 2mp b=1 4 b=1 2Amp
i (B, N ]
+Z(T) o meb(f b+ Jmp) (Tmpe1 = Unp + Emprr)
b=1 mb
n, ~ d>r
n(3 1, 1, '"(m)fb O -
+ -+ = + - + — ’ +-D;, 4.25
- (4 2 48"“’) ; 2 ) \24,,) T4 (+:29)

where

kg, = min{(1 = 3/4d1) 4"V, 3/4d1) 4,1, (/2" }
ka, = my > min {(1 = 3/4d2) 4%k, (3/4d) 4% K, (Yin/2) )

d
According to Lemma 2, let X; = 1, X; = 7’"” anb, g =1-d,q =d,q3 = dlﬁ, and one yields
Ny Vb dy Vb
262, <n.(1-d 4,7+ 26, 4.26
;(4/1 mb) il Ve Z4/lm,b b (426)
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By substituting (4.26) into (4.25) and utilizing Lemma 3, LV,,,, can be expressed as

& Ympb ~2 & Ympb = N
Vira < —ka, Vol =k, Vi, + E - & . +A,, 4.27
‘L s dy dy (4/1mb mb) 4/lmb m,b ( )
where

ka, =3k,

. M 3 1 1 Ll
Am:Z(Z+2 Ay + 7€ mb) meb(fmeerb)(”mbH‘O‘mb+§mb+1)

b=1

d
+Z Ymb g ,+ D4 + (1 = dy)d, ™ .

Assume that there exists a positive constant p,, , such that

|9m,b| < pm,b~

Consider the first case, if
|9m,b| < 2NAup/Ymbs

it is easily seen that

Nm d Ny
(—7’"”’ é;b) T S Tz, <o, (4.28)
=1 4/lm,b ’ =1 4/1m,b ’

Therefore, one has
d d R
LV, < —ka Vo, —ka, Vi, + A
For the second case, when

|ém,b| > 2 V/lm,b/ym,ba

it follows that

i d2 Nm
Ymb o Vm, b Ym,b 2 Ympb 2
—Gm’b) - mb < ( ) - b (4.29)
b=1 (4/1’"1’ b=1 4’1’“” Z o=
Consequently, (4.27) can be rewritten as
LV, < =k Vi, =k, V2, + Ay,
where
Ym.b Ym.b N
Z( P ) 142, a0, oot B
b=
Based on the above discussion, the following result can be obtained:
LV, < =k VL — kg, V2, + Ay, (4.30)
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where

/A\m’ |ém,b| < ZN/M,
ym,b

A, = 4.31)
i y b 5 d2 i 7 b 5 R 5 /1 b
AL -y 2202+ A, Omp| > 21| =2,
; (4/lm,hpm’b) =1 4/1m,bpm’b | ’b| Ym.b

According to Lemma 4, all signals in the closed-loop system are fixed-time bounded in probability,
and the convergence time satisfies

1 1

E(Tm) < Tmax = + .
kdlgm(l —dy) kdzgm(dZ -1)

Define
T
§1 = [Sl,la---,SN,l] ,

it follows that

2
E|S1|4 = E|s%’1 +...+ s,z\,’1|

< 2E (s‘l‘,1 o+ S?v,1)

<2E (VT,l +E Ly f?vl)

< 8EV(t) < 8E. 4.32)

From (3.1), it can be deduced that the consensus error
y=n-row=rl" =y=(y®r = Be+ L) s,

where ® is the Kronecker product and 1y represents an N-dimensional unit column vector. According
to (4.32), it yields

4
Ely—Iy@r* < (%6 + &) Els,[*
-1 4 —
< 8(|‘BG+QG| ) z, (4.33)
For any constant &,, > 0, one has
Elyn(®) —r(@®O* <&, V:>T, m=1,...,N. (4.34)

Therefore, by selecting proper control parameters, the consensus error of the follower could be
converged to a sufficiently small neighborhood of the origin in probability within a fixed-time. O

5. Simulation results
To validate the effectiveness of the fixed-time distributed control algorithm, consider the
non-triangular SNMASs with the communication topology shown in Figure 1. In this topology, there

is one leader denoted as “L’ and four followers denoted as “F1-F4”.
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Figure 1. The communication topology of non-triangular SNMASs.

Consider the following non-triangular SNMASs with input saturation:

dxm,l = (xm,Z + fm,l (xm)) dr + h;ly—ll (xm) d(,(),
d-xm,Z = (um (Som) + fm,Z (xm)) dr + h,—ql;,z (xm) dw,

ym = xm,b

where

_ _ T _ 4 _ _ 2
m=1,...,4, x,= [Xm,15 Xm2] s f1,1 = X11%1,25 hl,l = COS(Xl,lxl,z), fl,2 = X1,1X7 25
_ _ .2 o _ 2 _ .3
hip = x11x12, fa1 = X2.1%2,25 hyy = sin(xp1%22), fan = X2,1X3 25 hyp = X31%2,25
_ 2 _ 2 _ 2 _ .3 _ 2
fa=x51%30, h3p =cos(x3,x32), f2 = X35,%30, hap = x3,X32, fa1 = X51Xa2,

3 — 2 — 43
h4,1 s1n(x4’1x4,2), f4,2 = X4’1X4,2, h4’2 = X4’1)C4,2.

The leader’s signal is given as
1 1
r(t) = 3 sin (7) + sin (Et)
The initial conditions for the followers are given as follows:

[xl,bxl,Z]T = [02, O]Ta [xz,laxz,z]T = [_O'6a O]Ta [-x3,l’-x3,2]—r = [079 O]T’ [x4,lax4,2]T = [_062’ O]T

A FLS with seven fuzzy rules uniformly distributed between -3 and 3 with a width of 4 is selected.
The design parameters are chosen as follows: d; = 0.8, d, = 1.5, v =1, kj; =1, vip =2, ki, =2,
Vo1 = 05, k2,1 = 05, Voo = 1, kz,z = 1, V31 = 1, k3’1 = 1, V3o = 3, k3,2 = 3, Va1 = 05, k4,1 = 05,
Var=1,ksp=1,a,1 =05,a,2=0.5, 8,11 =14, 8,12 = 14, k1 = 10, u,,, . = 50, u,, . = =30.

To demonstrate the superiority of the proposed control algorithm, a comparison is carried out with
the command filter backstepping (CFB) control scheme in [12]. Define the overall tracking error

4
OTE = 4| > lyn - 1%,
m=1

RMSE = J 24] i k) = r(k))* w,

AIMS Mathematics Volume 9, Issue 6, 14765-14785.
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where k is the sample index and w is the number of total samples. Assuming that the system’s settling
time is denoted by a settling time with OTE < 0.15.

The simulation results are shown in Figures 2—6 and Table 1. Figures 2 and 3 display the tracking
curves of the followers and the curves of the consensus error y,, — r using the proposed algorithm
and CFB method, respectively. Figure 4 shows the curves of the adaptive law 8,,. Figure 5 illustrates
the curves of the designed control input ¢,, and saturation input u,, (¢,,). Figure 6 displays the OTE
curves for different control schemes, and the comparison of the settling time and RMSE is presented

in Table 1.

L — L —— % Ys === W

10 15 20 25 30
t/s

0 5 10 s 20 2 30
(a) (b)

Figure 2. (a) Curves of follower’s output signal y,, and leader’s signal r (proposed). (b)
Curves of follower’s output signal y,, and leader’s signal r (CFB).

1 1
.......... YL — T gy — T Ys—T — =~y —7 P Ys—T —— =y —7
0.5 F 05F
)
0 f S S S ———— 0k fff%'” ......... ety T ity e
¥
1§
H
1é
-05 05 f
A . . . . . » | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/s /s
(a) (b)

Figure 3. (a) Curves of consensus error y,, — r (proposed). (b) Curves of consensus error
vm — 1 (CFB).
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Figure 5. Curves of designed control input ¢,, and saturation input u,, (9,,).
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Figure 4. Curves of adaptation law 6,,.
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Table 1. Performance comparisons of settling time and RMSE.

Scheme Settling time (s) RMSE
Proposed 0.306 0.0475
CFB in [12] 0.965 0.2196

From the simulation results, it can be observed that all followers can precisely track the leader
within 2.5 seconds, and the consensus error converges to a sufficiently small neighborhood of the
origin within a fixed time. Compared to the CFB control scheme in [12], the proposed fixed-time
control algorithm achieves a faster convergence rate and better consensus performance. These
simulation results indicate that despite the non-triangular SNMASSs being subject to input saturation
and the nonlinear terms being unknown, the designed fixed-time distributed control algorithm still
achieves the consensus control objective.

6. Conclusions

This paper has investigated the fixed-time distributed control problem for non-triangular structure
SNMASs with input saturation. Based on the backstepping design method, the fixed-time command
filter, and a fractional power error compensation mechanism, a fixed-time distributed consensus
control algorithm has been proposed. The proposed distributed control scheme has ensured that all
signals in the closed-loop system are fixed-time bounded in probability. In addition, the consensus
error has converged to a sufficiently small neighborhood of the origin in probability within a fixed
time. Although the proposed fixed-time distributed control algorithm achieves good consensus
control, it is difficult to predetermine an expected convergence time due to the complicated
relationship between the upper bound of the convergence time and various control parameters. In the
future, we will focus on the predefined-time control of SNMASs on the basis of [31,32].
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