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Abstract: This paper investigates the problem of finite-time distributed consensus control for non-
triangular stochastic nonlinear multi-agent systems (SNMASs) with input constraints. Fuzzy logical
systems are used to identify the unknown nonlinear dynamics of non-triangular SNMASs. A finite-
time command filter is utilized to eliminate the issue of “explosion of complexity” in the conventional
backstepping-based distributed control algorithm, and a fractional power error compensation mecha-
nism is constructed to improve the distributed control performance of SNMASs. It is proved that the
proposed distributed controller enables all of the closed-loop system’s signals to be semi-globally
finite-time bounded in probability, and the consensus tracking errors will converge to a sufficiently
small neighborhood of the origin in a finite time. Finally, the effectiveness of the presented finite-time
distributed control scheme is illustrated with a simulated example.

Keywords: finite-time control; distributed control; command filtered backstepping; stochastic
nonlinear multi-agent systems (SNMASs)

1. Introduction

Cooperative control of multi-agent systems has received considerable attention from
many domestic and foreign scholars due to its wide applications in the fields of civil, indus-
try, military, and so on [1-3]. For the leader-following consensus, which is an important
part of cooperative control, the main objective is to enable all of the followers to achieve
a consensus under the topology by designing consensus protocols. In particular, since
stochastic disturbances are inevitable in practical systems and may result in system insta-
bility, it is significant to consider the distributed consensus control problem of stochastic
nonlinear multi-agent systems (SNMASs).

In recent years, many tools and methods for dealing with SNMASs have been de-
veloped, and numerous results for SNMASs have been attained [4-7]. Note that these
distributed control algorithms require that the nonlinear dynamics of SNMASs are known
or can be linearly parameterized. If the prior information is not available, these distributed
control strategies will be invalid. Fuzzy/neural network control methods have become
promising ways to handle unknown nonlinear dynamics [8,9]. For first-order or second-
order SNMASs with unknown nonlinear dynamics, approximation-based distributed adap-
tive control algorithms were developed via the fuzzy logical system approximator [10,11].
High-order distributed control algorithms are more precious in practice, and many dis-
tributed adaptive intelligent control approaches have been proposed for SNMASs with
structured uncertainties [12-15]. Nevertheless, the aforementioned distributed control
strategies are feasible under the assumption that the SNMASs have a strict-feedback struc-
ture, and they cannot be applied to the non-triangular case due to the complexity of their
system dynamics.

Recently, non-triangular nonlinear multi-agent systems have received extensive atten-
tion, and a variety of effective distributed design methods have been reported. In [16], a
backstepping-based distributed control algorithm was given for non-triangular multi-agent
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systems with unmodeled dynamics and quantized input. For non-triangular SNMASs, the
distributed state-feedback and output-feedback control schemes were put forward [17,18],
respectively. However, the problem of an “explosion of complexity” exists in the classical
backstepping-based distributed control methods. With the aid of the dynamic surface
control technique, an observer-based distributed fault-tolerant controller for non-triangular
SNMASs was designed [19]; a distributed event-trigger control algorithm was presented for
non-triangular multi-agent systems [20], which avoided the issue of the “explosion of com-
plexity” but ignores the influence of filtered error. Fortunately, the command-filter-based
backstepping design method can simultaneously eliminate the problem of the “explosion of
complexity” and remove the influence of filtered error [21]. Soon afterward, by means of the
command filter technique, in [22,23], respectively, the distributed prescribed performance
control and output-feedback containment control schemes for non-triangular nonlinear
multi-agent systems were developed.

It should be pointed out that the aforementioned distributed control strategies merely
guarantee asymptotical convergence, i.e., the consensus errors are driven into the origin as
the time approaches infinity. Unlike these asymptotic convergence algorithms, finite-time
control has obvious merits, faster convergence speed, better tracking accuracy, strong
anti-interference performance, etc. In [24], a finite-time bipartite quantized tracking control
scheme for high-order pure-feedback SNMASs was proposed via the dynamic surface
control technique. The problem of command-filter-based finite-time distributed adaptive
control for nonlinear multi-agent systems was considered, where a Levant differentiator
was employed to approximate the derivative of a distributed virtual control signal [25-27],
and a sign function error compensation mechanism was designed to remove the effect of
filtered error [25,26]. In spite of great efforts on command-filter-based finite-time distributed
control strategies, prior information on the upper bound for the derivative of a distributed
virtual control signal is necessary, and the chattering issue may arise.

On the other hand, input constraints are unavoidable for each agent due to the lim-
itations of physical structures, which may destroy system performance or even lead to
instability if not disposed of properly. Many researchers have explored various effective
methods for dealing with input constraints [28-30]. By constructing an auxiliary system to
compensate for the effect of input constraints, a command-filter-based distributed control
scheme for strict-feedback nonlinear multi-agent systems was proposed in [31]. Consid-
ering nonlinear multi-agent systems with sensor faults and input constraints, in [32], a
smooth function was introduced to counteract the input constraints. Nevertheless, the dis-
tributed consensus control strategies in [31,32] could not guarantee the finite-time stability,
and they were invalid for non-triangular SNMASs.

Inspired by the above discussion, we will investigate the problem of finite-time dis-
tributed adaptive consensus control for non-triangular SNMASs with input constraints
under a directed graph. The main contributions of this paper are summarized in the
following three aspects.

(1) In comparison with command-filter-based finite-time distributed control algorithms
for SNMASs [26,27], an improved finite-time distributed consensus control scheme
is proposed for SNMASs with input constraints, which effectively attenuates the
chattering phenomenon, and the consensus tracking errors converge to a sufficiently
small neighborhood of the origin in a finite time.

(2) Unlike the existing backstepping [16-18] and dynamic surface [19,20] distributed con-
trol strategies for non-triangular SNMASs, a finite-time command filter and fractional
power error compensation mechanism are constructed to eliminate the problem of the
“explosion of complexity” and remove the effect of filtered error in a finite time.

(3) Differently from an error compensation mechanism with asymptotic or finite-time
convergence [22,23,25,26], a fractional power error compensation mechanism with
finite-time convergence is designed, which further improves the distributed con-
trol performance.



Actuators 2023, 12, 28

30f17

The remainder of this paper is organized as follows. The preliminaries and problem
formulation are presented in Section 2. The main results, including the finite-time dis-
tributed controller design and stability analysis, are described in Section 3. The simulation
results in Section 4 illustrate the effectiveness of the proposed finite-time distributed control
algorithm. Section 5 draws the conclusions.

2. Preliminaries and Problem Formulation
2.1. Graph Theory

In this paper, a directed graph G = (V,€) is used to denote the communication
topology for N followers of SNMASs, where & C V x V stands for a set of directed
edges, and V = {1,2,...,N} represents a non-empty set of nodes. The ordered pair of
node (j,1) is a directed edge, and it implies that node i can access information from node
j- Ni = {j| (j,i) € £} is the neighbor set of node i. A = [a;;] € RN*N is a weighted
adjacency matrix, where a;; = 0; a;; > 0if (j,i) € £, a;; = 0if (j,i) ¢ . L = D — Alis the
Laplacian matrix, in which D = diag{dy,dy,...,dn}, d; = ijil ajj. If there is at least one
node called a root node that has a directed path to all other nodes, we call this a directed
graph, which includes a directed spanning tree. In addition, an extended directed graph
G = (V,€) is employed to depict the communication topology for the leader 0 and N
followers. B = diag{by,by,...,bx}, whereb; = 1,ifi € Ny,i=1,2,...,N, orelse, b; = 0.

2.2. Stochastic Theory
Consider the following stochastic nonlinear system:

dx = f(x)dt + g(x)dw 1)

where x is the state vector, and f(x) and g(x) are nonlinear Lipschitz functions satisfying
f(0) = 0 and g(0) = 0. w is an s-dimensional independent standard Wiener process
defined in a complete probability space (p, S, St>0, P), g is a sample space, S is a o-field,
Sti>0 is a filtration, and P is a probability measure.

Definition 1 ([33]). For any given positive definite function V(x) € C?, the differential operator
L of V(x) along with (1) is defined as

X 2 X
£v(x) = 28 g0y 4 21l T (0 T g}

2.3. Problem Formulation

Consider the following SNMASs consisting of a leader marked 0 and N followers
marked 1,2, ..., N, where the i-th follower’s dynamics in a non-triangular structure are
given as

dxige = (i (Zije)Xigrr + fi(x;))dt + bl (x;)dw
A, = (i, (xi )i + fi, (xi)) At + I, (x;)dew 2)

Yi=Xi1

inwhichi = 1,2,...,Nand k = 1,2,...,n; — 1; % = [x,',l,xilz,...,x,-,k}T e R x; =
Xin, = [Xi1, Xi2, o) xi,n,-}T € R" is the state vector; u#; € R is the control input signal, and
yi € R is the output signal of the i-th follower. f; () : R" — R and h;;(-) : R" — R?
are unknown smooth nonlinear functions; g;(-) : R — R is a known smooth function
satisfying g. < 1gik(+)] < &i, where g; and g; are known positive constants. w has a similar
definition to that in (1). In addition, suppose that the leader 0 is expressed by a time-varying
signal r(t).
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Assume that the control input u#; € R with constraint characteristics is in the following
form

uimax’ pi > u

-_ imaX
u; = sat;(p;) = ¢ ©i, up < @i < Ui

uimin’ i S uimin

where u; > 0and u; , < 0are known constants. We define

u; * tanh(pi >, ©; >0
imax

hi(pi) = o
ui *tanh<l>, 0 <0

Imin

Then, u; can be rewritten as u; = h;(p;) + hi(p;), where |h;(p;)| = |sati(p;) —
hi(pi)| < max{u;_ (1 —tanh(1)),u; . (1—tanh(1))} = D;.

Control Objective: This paper aims to design finite-time distributed consensus con-
trollers such that all signals of a closed-loop system are semi-globally finite-time bounded
in probability, and all of the followers’ outputs y; synchronize with the leader r(t), that is,
the consensus tracking errors y; — r(f) converge to a small neighborhood of the origin in a
finite time.

To facilitate the control design, the following assumptions and lemmas are required.

Assumption 1. The leader signal r(t) and its first derivative #(t) are continuous and bounded,
and they are available for the i-th follower satisfying 0 € N,i=1,2,...,N.

Assumption 2. The directed graph G incorporates a spanning tree whose root node is the leader;
then, L + B is invertible.

Lemma 1 ([34]). For a continuous function F(x) defined on a compact set Q) and any given
constant € > 0, there exists a fuzzy logical system (FLS) ¢ (x)S(x) such that the following
equation holds:

F(x) = ¢ (x)S(x) +6(x), [6(x)| < e

where ¢p(x) = [p1(x), Pp2(x), ..., ¢m(x)] " is the ideal weight vector; S(x) = [Sl(x)’;%é’]‘)é‘jﬁf)“x)r

.
is the basis function vector, S;(x) = exp [— W} , with «y; being the center vector and T;

being the width of the Gaussian function.

Lemma 2 ([35]). For¢ >0, ¢ > 0, and v(x,y) > 0, which are real-valued functions, one has

-5
cu(xy)|x|Te | eu(x,y) eyl

x|¢ ¢ <
[xlelyl® < == o

Lemma 3 ([36]). Fory; € R,i =1,2,...,n,and 0 < A < 1, the following inequality holds:

n /\ n /\ 1 /\ n /\
(ZIMI) <Y wilt <n'” (ZI%I) :
i=1 i=1 i=1
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Lemma 4 ([37]). For the stochastic nonlinear system (1), if for any xo € R", there exists a positive
definite function V(x) € C% and by, by € Koo such that

by ([lx][) < V(x) < ba(]x[])
£V(x) < *)L1V(x) — /\2V(X)7 + A

where Ay, Ay, v, and A are all positive constants, and 0 < v < 1,0 < A < oo, then the system (1)
is semi-globally finite-time stable in probability, and the setting time T satisfies

1-y
T)< 1 In )L1V(XO) 17;0—)\2/3

Al((lfﬁ)?u) +Ap

where B is a constant satisfying 0 < p < 1.

3. Main Results

In this section, the finite-time distributed consensus control algorithm is proposed via
the command filter technique and backstepping design method. In each step, a distributed
virtual control signal «; , will be structured, and the actual distributed controller p; will,
finally, be designed.

Before starting the command-filtered backstepping design procedure, we define a
constant as follows:

Pin; ’ | ’ }

where Pigr i=12,...,N,g=1,2,...,n;,is the weight vector of the FLS. Let éi denote the
estimation of 6;, and 6; = 6; — 0; is the estimation error.

2

Jeeoy

2 i

6, = max{ g1

3.1. Finite-Time Distributed Controller Design
For the i-th follower, the following coordinate transformations are introduced:

N

sin =y aij(yi —yj) + bilyi — ) @)
j=1

Si,k = xi,k — 7Ti,k/ k= 2, 3, P (%] (4)

where 7; ; is the output of a finite-time command filter (5) with the distributed virtual
signal &; x_1 as the input signal:

ik =Hik2

b =t (g arctan(ign — @ir 1) — i arctan(Z: s ®)

Hik2 —gz ( a; 1 arc an(.uz,k,l ‘xz,k—l) a;p arc an(Cz,k.uz,k,Z))
ik

with {; > 0, a;7 > 0, and a;, > 0 being filter constants, and 77 (t) = pix1(t), 7T () =

Hija(t).

Remark 1. Although the finite-time command filter in [25-27] was used to approximate the
derivative of a distributed virtual control signal, the Lipschitz condition of a distributed virtual
control signal is required and the chattering phenomenon may arise. The demand of the distributed
virtual control signal in [25-27] can be weakened via the adopted finite-time command filter (5),
where the distributed virtual control signal is merely continuous and piecewise two-order derivable;
meanwhile, the chattering phenomenon is skillfully attenuated.
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The compensated tracking errors are defined as

Uik =Six —Gik k=1,2,...,m; =1, 0y, = Sin, — Cin, — i (6)
where (;  is the error compensation signal and ; is the auxiliary signal; these will be
further specified later.

Step 1: Based on (2), (3), and (6), one has
do;; = ((bi +di) (giaxia + fin) = bit — i — Y aij (8% + f ))dt

JEN;
+ ((bz + di)hi,l — z aijhﬂ)dw. (7)
i

We choose the Lyapunov functionas V;; = 4 h 1 46 From Definition 1, LV;; is
obtained:

LV;y =v} i1 ((b +d;)(8iaxip + fin) —bit — & — Y a;j(8j1x2 +fj,1)>

JEN;
3 >
T30 <(b+d Z“l}]l) (b+d Z”l}]l)
JEN; JEN;
+ &1 8)
By using Lemma 2, the following inequality holds:
3
5 11((b+d Z”wﬂ) ( 2”1111)
JEN:
< g o = 3 e[+ 3, ©)
i1 ]E i
where ;1 is a positive constant. We define f;1 = (b; + d) f;

1 Ljen; aijfi1 + &Uz‘,l | (b; +
di)hip — Lien; aijhj,1\|4 + 3v;1. From Lemma 1, one has f;; = ¢I15i(x,', xj) + 61 (xi, %)),
|6i,1(xi, xj)| < €;1. According to Lemma 2, the following inequalities hold

zlfll =

1 3 4 1
, (xi/xj)Tsi(xi/x ) 2 11 + 4011 + 464
l,
1 1 3 4 14
<2 5001 131112851 (xi1, xj1) T Sia (xi1, 1) + 2’1 1+ 47’11 + 45 (10)
11

where 4,1 > 0 is a design parameter. From (8)-(10), one gets

LV;y <v}y ((bi +di)gia(sip +wig + Mo —aip) — Y 4i8j1%j2 — bit — &in
JEN;
1 1

+ g, allon S/ 15i1) + i+ 2

1,
l+ azl+4€11 (11)
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From Assumption 1, the distributed virtual control signal «; ; and the error compensa-
tion signal ¢; ; are designed as

1 1 A .
( — ki 15i1 — 720?,161‘5;151',1 + bﬂ’

Wi =
o (bl + di)gi,l T 2“1’,1
Cllvzl + Z ai,j&8j1%j2 ) (12)
JEN;
Gin=—ki1Cin + (b +d;)gi1(mip — win)
+ (b +4di)giaia — cial}y (13)

where k; 1, c;1 are positive design parameters; 0 < v = v1/72 < 1, and 7 and 7, are
positive odd integers. The initial condition of ¢; ; is set to ¢;1(0) = 0.
Substituting (12) and (13) into (11) yields

LV;y <} < —kipvig + (b +d;)gi1vip + 2‘111'1 0315181 (iall> — 6;)
—Cinv)y + Ci,l€Z1> +8 ( —kipGin + (bi + di)gz‘ 162
+ (b +d;)gin (mmip — win) — Ci,1f§Zl) l 2 1+ 4116 (14)
Step 2: By using (2), (4), and (6), one has
dv;p = dsip —d&in = (gia%iz + fia — 7o — fi,z)df + hjpdw. (15)

We select the Lyapunov function V;, = V; 1 + 40 it 4 ,- Based on Definition 1, one gets
LVis =£Vi 1+ 0, (8i,2(5i,3 + o+ iz —aip) + fip — T — 5@2)
12h hz 2+ 61 261 2 (16)

From Lemma 2, the following inequality holds:

3 3 3

szz,zh;,rzhi,z < @U?,z”h', t+ ;lgz (17)
i2

with [;, being a positive constant. Let fi» = fio + i, 3 i ||hial|* + 4012 According to

Lemma 1, there exists an FLS 4)1,2 i(x;) such that f;» = 4)1,2 i(xi) +0i2(xi), 16i2(x)| < €in.

Similarly, using the inequality technique as in (10) yields

_ 3
12f12 < 12H4’12H 28i2(%i2)  Sin(%in) + 2%2 + 42’?2 + 4612 (18)
243,

where 4,5, > 0 is a design parameter.
We construct the virtual control signal «;, and the error compensation signal ¢; »

as follows:
X2 - L ( —kiosip — L032(31‘5*251‘2 + 7tjp — Ci 0], ) (19)
) SR 2a, MM ’ STz
Gio = —kiaGip + &ip(7i3 — wi2) + 8iaGis — cinlly (20)

with kj» > 0and ¢;» > 0 being design parameters, and ¢;»(0) = 0.
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By combining (16)—-(20), it is easily obtained that
3 3
LVip < Z ( kixole — cixvy "+ cixili — kixli — Ci,kéi,ﬁ)
+ gi,z(ﬂz‘,s — ;)& + (b +d;)ginvi1vin + (bi +d;)ginl3 Ein
(b‘ +d;)gin (7o — 061‘,1)521 + 8i20790i3 + 8inliaCis
)32 12 1
+2 (2 2 lkS Slk( i)+zlli,k 2alk+4€lk) (21)
Step k (3 < k < n; — 1): Similarly to (7) and (15), one has
dv; i = (gijXijer1 + fix — ik — &ije) df + hypdw. (22)

We choose the Lyapunov function Vj, = V1 + }Iv?k + %ka. From Definition 1,
one gets

LV =LV} 1+ 0} (fi,k + Qik(Sikr1 + &if + k1 — ix) — ik — éi,k)
3 .
+ SO+ Sk (23)

By using Lemma 2, one has

3 21T 3 4 4 3 2
S VikMihix < ?izkvi,kuhi,k” + 2lix (24)

where [; is a positive constant. Let f, = fik + + év,« ©, and this can be

approximated by an FLS, that is, f;; = 4)1 (Si(xi) + (51 k(xl) |(5l k(xi)| < €. Furthermore,
the following inequality can be obtained:

B 1,
28k (%) T Sip(Zix) + zazk +

3, 14
4vlk+ 4elk (25)

- 1
3
O fik < 22, v
i,
with a;; > 0 being a design parameter.
The distributed virtual control signal «; ; and the error compensation signal ¢; ; are
designed as

1 1 4. ,
Qg =— | —kixSix — =—5-07.0;S..Si  + 7tix — 07) 26
ik gz,k( i,koik 2”,%}; ikYi0i ik ik ikYi k ( )
Gik = = kixGik + ik (i1 — @ix) + 8ikGiks1 — CikGiy (27)

where k; ;. and c; ; are positive design parameters, and ¢; (0) = 0.
By means of (24)—(27), it follows that

st 3+
LV < ( iqY 1q Cigliy T Cigl zq‘:zq ‘,qéi —Ciglig )

(bz + dz)gz 17]1 19i2 =+ (b +d; )81 1‘;‘1 1612 + (b +d; )gl 1(”12 “i,l)g?,l
k k

+ gz,qvl qvl g+1 +8i qg ,qu,qul + Z 8ig T[l g+1 al/q)gl q
9=2 =2

ko1 A »
+ Z (2 2 v,quTq l,q(”(l)i,qHZ*ei) *12 + a +4€ ) (28)
q=
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Step n;: We define the auxiliary system ¢; = —; + &; », (hi(pi) — ;). From (2), (4),
and (6), one has

do; ,, = (gi,ni (hi(pi) + hi(9i) + fim; — Tim, — Cim; — ¢i)dt +hjydw. (29)

The Lyapunov function for (29) is selected as V; ,, = V; ;. 1 + %vﬁni + %‘:?,n," Then, one has

LV, =£Vi ni—1+ U?ni (fi,nz- + i, (9i + hi(9i)) — Ttin, — Ein, + lPi)

2 i nlhl—rn, + gz M ‘:l Mt (30)
Applying Lemma 2 yields
3 3 3
Zvlzn, hzTnlhl ni < 411211 z,ni ”hi,ni H4 leznz (31)

: N S 3 4.3
where l; ,; > is a constant. We define f; ,, = fin, + 57— Vin, i 1* + 500, + Qiinj—10im—1-
in;

Similarly, there exists an FLS 4)2;11_ Si(x;) such that f;,, = 4)1-—;1_51'(961') + 0in, (xi), [0, (x1)] <
€;n;- Obviously, the following inequality holds:

1 3 4 1,4
znfzn, 1an¢znzH Sln, im; +4Uzn + e (32)

—22 2 zn 4 1,n;

in;

where a; ;. is a positive design parameter.
The actual distributed controller ; and the error compensation signal ¢; ,, are designed as

1 A .
- ki n;Sin; — ,nieisznisi,n,- + TCn; — Cin;© zn 4)1) (33)

8in; T 207,

in;

éi,n,» = - ki,}’liéi,}’li - Ci,i’ligzni (34)

i =

with k; ,., c; », being positive design parameters, and ¢; ,.(0) = 0.
According to Lemma 2, the following inequality holds:

- 3 4 1
0} . Qi hi (1) §4 + 38 4D (35)
Substituting (31)-(35) into (30) yields
bl > 3 3+
LVip <= ) (ki,kv?,k + iV g 7) -y (ki,kggk - Ci,kv?,k‘fzk e 7)
k=1 k=1

3
- (ki,ni - E)U;{n Ci n,vl n (b +d; )gl 1vz 19i2

1
+ (b +di)gi1 81 Cip + (b + di)gin (Tip — i) &y + EQ?D?
n,-—l

3 3 3
+ Z (gi,kvi,kvi,k-i-l + 8ikCixCik+1 + ik (g1 — “i,k)gi,k)

b 3 1 1
T Z (2 Z 0Si Szk(H‘szHZ ) + zﬁfk + Ea’%" + Ze;fk). (36)
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Based on [[38] and Lemma 4], |71 — ajx| = @;, together with Lemma 2, the
following inequalities can be obtained:

3Cik 3ty | VCik 3+
Czkvzk‘:zk— 3+,szk 3+,Y‘:i,k (37)
3 3_ 4 1 4 3 o 1 4
i kU Vi1 + QikCorlijs1 < 1810k T 7801+ 38iCix + 18iCik (38)
3 1 -
(bi+ di)gi1 G (mip — win) < T8 + 7 (bi + di) gl (39)
4 4
X 3.4 1.
QikCi(Tijk+1 — Aik) < ;gi,k + Zlgi @ (40)

By substituting (37)—(40) into (36), it follows that

mil 301
: _ e de ot — (k. — 3 Loy 44
CVI,ni < k:zl (kz,k (bl +d1)g1)vi,k (kz,n,- 1 481) 4g D;
3 o YCik 34
_k_zl(kl,k—z (b + i) ) & — Z%vaifk

oo ik Sy (16T 2 5
- 23+7 ik Zl(Zalgkvi,ksi,ksi,k(H‘Pi,k” —91')
1 1 )
+ 2R 2+ qeh) + (i)' wll+z4gf @ (@1)

In addition, the adaptive law §; for the i-th follower is designed as
i

5 ri .
0= 3 o5 oSSk — 1 (42)
k=1 “%ik

where 7; and #; are positive design parameters. From Lemma 2, it can be derived that

1,4 15 1,
200 < — 24 -
ri9191 - 2ri91 +2r19’
15 N T N1,
< _ i _— f’ s P
- 21’19 (21’16) + (Zrie’) +2ri91
3+7 34
1—9/3+9\1—+
c_t (L@ * °STY 2
- 41’,9 (21’16) + 4r; ( 2 ) 21’19 43

Remark 2. Note that the fractional power error compensation mechanism consisting of (13), (20),
(27), and (34) is different from the traditional error compensation mechanism [22,23] and the
symbolic function error compensation mechanism [25,26]. An extra fractional power term ci/k(:,‘zk is
added, and the effect of the filtered error (7t k41 — ;) is removed in a finite time, which further
improves the distributed control performance.

In summary, the finite-time distributed consensus control design procedures are
presented in Figure 1.
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i U;
— ij —» Non-triangular SNMASs (2) [——
Step 1
™ Virtual control signal (19)
«;, Ti1
l ! T 51,, 1 <
Finite-time
command Error compensation signal (20)
filter (5)
| Ti2 ot
+ Qi j—1 Step k :
Finite-time ||
command L Virtual control signal (26)
filter (5) Zir
ik T Sor <
Error compensation signal (27)
Finite-time Qp—1
command [T Step m,
filter (5)
[mn, [T  Actual distributed
v controller (33) _
Zin
) te. «
Adaptive | 0: .
law (42) Error compensation signal (34)

Figure 1. A block diagram of the finite-time distributed consensus control design procedures.

3.2. Stability Analysis
Theorem 1. For SNMASs (2) with input constraints under Assumptions 1 and 2, if the distributed
virtual control signals (12), (19), and (26), the actual distributed controller (33), the error compen-
sation signals (13), (20), (27), and (34), and the adaptive law (42) are adopted, then the following
results can be obtained.

e All signals of the closed-loop system are semi-globally finite-time bounded in probability.
®  The consensus tracking errors for the followers and the leader converge to a sufficiently small
neighborhood of the origin in a finite time.

Proof. Consider the Lyapunov function for the SNMASs V = Zl 1 Vip, + Zl 127 L g;. From
(41)—(43), one has

<oy % — (b +dy) TR NP B B
N zZ;kX:l(lk g> o 1;(1'”1' 4 4gl)vl-,n,.
N n; ni
-y ¥ (k — (bi+di)g: ) &y 24;92
i=1k=1 !
N n; 3+
S VCik 34y 3¢Cik By, A
ELE R zzikzﬁﬂ * ;"1(2&' )
NG 1 1_ 1 _
+;(Z< zk+2”zk+4 zk>+18?D?+;(bi+di)4g?@?,1
o Y3+ 177 Mi 2
+24gl Dk 4r () 2719> (44)

By using Lemma 3, it follows that

3+
LV < —MV =XV, % +A (45)
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where A; = min {4kik — 4(b; + di)g_i/4ki,ni —3— i 4k — 6 —4(b; + d')gi/%m}, Ay =
. i 3+1 3¢; .
min {4 47 gis/él ’y Sirkylnz} A= ZlNl (Zn (illzk %alzk + 461]() 4g41)4 %(bz + dz)

3+
3+
+Zk2481 k+771 T, ( 27) +2r,6>
Based on Lemma 4, for any 0 < < 1, there exists a setting time E(T) < (1717) ;Y

X
1

1-y
In ((/\1 V(x0)'7 + AQ,B> / (Al (ﬁ) T+ AZ,B)> such that all signals of the closed-
loop systems are semi-global finite-time bounded in probability.
We define s; = [s11,...,sn1] ', and it is easy to prove that
Elsi|* = El|sty +... +s3,1/

<2E(sfi+...+sy1)

<2B(vi1 4§11+ -+ ong +Ex)

< 8EV(t) < 8E. (46)

According to (3) and Assumption 2, the consensus tracking error is denoted as [y; —
rys—1,...,yn—1] =y — (In®7r) = (L4 B) 's;. Then, it follows from (46) that

Ely— 1y orf < (IL+B ") Els*
< 8(|L+B|7H)iE.
Therefore, for any &; > 0, one has
Ely;(t) —r(t)|* <&, Vt>T, i=1,2,...,N.

Obviously, the consensus tracking errors converge to a sufficiently small neighborhood
of the origin in a finite time by appropriately choosing the control design parameters. [J

4. Simulation Results

In order to verify the effectiveness and superiority of the proposed finite-time distributed
consensus control algorithm, a numerical comparison example is provided. Figure 2 shows
the communication topology of the second-order non-triangular SNMASs with one leader

0 00O
. . . 1 0 0O
and four followers. The follower adjacency matrix A is givenas A = 100 ol
0 010
Consider non-triangular SNMASs as follows:
dxj1 = (gi1(xi1)xip + fi1(x;))dt + hly (x;)dew
dxio = (gi2(xi)u; + fip(x;))dt + s (x;)dw
Yi =X
wherei = 1,...,4, X;i = [xirl,xirz]T, 811 = —5—|—sin(x1,1),f1,1 = xilxllz, hl,l = Sin(xL]xl/z),
g12 = —5+cos(x11x12), fip = x1,1x‘11,2, Moy = x11%12, §21 = —5+cos(x21), fo1 =
X31%20, hog = cos(x21%22), §22 = —5 4 sin(x21%22), fop = X21X3,, hap = X31%22,
831 = —5+cos(x31), f31 = X31X32, h31 = sin(x31x32), g32 = —5 4 sin(x31%32),

_ 2 _ 2 _ : _ .5 _
f32 = X31%3,, h3p = X31X55, Qa1 = —5+sin(x41), fa1 = X3,%42, ha1 = cos(xg1%42),
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Qap = —5+cos(Xg1%40), far = Xa1X42, Nap = x3,1x4,2. The input constraint for u; is
5, Qi >5
chosen as u; = satj(p;) = i, —5< gp; <5.
-5 pi<-5
The leader signal is set to r = sin(%t). The initial conditions for followers are taken as
[x11,x12] " =[0.7,0]", [x21,%22] T =1[0.3,0] T, [x31,x32] " = [~0.1,0] ", and [x41,x40] " =

[—0.2,0] . We choose the FLSs containing seven fuzzy rules, and the Gaussian function
with centers evenly spaced in [—3, 3], with the width being 4. The filter constants for
finite-time command filters are a;; = 8,a;, = 5,(;» = 0.08, and i = 1,...,4. The control
design parameters are selected as k;, = 8,¢;x = 8,a;;x = 05,7, = 1,4, = 0.5, = 7/9,
i=1,...,4,and k=1,2.

The simulation results with the proposed finite-time distributed consensus control
algorithm are displayed in Figures 3—6. Figure 3 shows the trajectories of the follower
output signals y; and leader signal r. The trajectories of the consensus tracking errors y; — r
are given in Figure 4. The trajectories of the adaptive laws §; are demonstrated in Figure 5.
Figure 6 depicts the trajectories of the control inputs u;. It can be seen from the simulation
results that the proposed finite-time distributed control strategy achieves good consensus
tracking performance even though unknown nonlinear dynamics and input constraints
are included.

To show the superiority of the proposed finite-time distributed consensus control
algorithm for non-triangular SNMASs, the command-filtered backstepping (CFB) control
scheme in [23] was used to compare the consensus performance with it. The control
design parameters for the CFB control scheme were chosen as k; = 8,c;x = 8,a;; =
05,1 =14 =05,i=1,...,4 and k = 1,2. The simulations were implemented in
MATLAB R2016a/Simulink on a 1.80 GHz Intel(R) Core(TM) i7-8565U computer operating
on Windows 11, where the solver was selected as the ode 4 (Runge-Kutta) and the fixed-

step size was set to 0.01 s. We defined the overall tracking error OTE = /Y%, |y; — 1|2
and the root-mean-square error RMSE = \/ YELEM  (yi(w) — r(w))2)/ M to compare the

w=1
consensus performance, where w was the sample index, and M was the total number of
the samples.

The trajectories of the OTE for the proposed control scheme and the CFB control algo-
rithm in [23] are presented in Figure 7. The settling time and the RMSE in the performance
comparison between the two control schemes are shown in Table 1, where we suppose that
the settling time was the time after which OTE < 0.15 always held. It can be seen from
Figure 7 and Table 1 that, benefiting from the finite-time convergence compensation error
mechanism, the settling time and RMSE of the proposed control scheme were lower than
those of the CFB control algorithm in [23]. Obviously, the proposed finite-time distributed
consensus control algorithm not only had a faster convergence rate, but also obtained better
tracking performance compared with that of the CFB in [23].

Figure 2. The communication topology for non-triangular SNMASs.
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Figure 3. The trajectories of the follower output signals y; and leader signal .
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Figure 4. The trajectories of the consensus tracking errors y; — r.
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Figure 5. The trajectories of the adaptive laws ;.
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Figure 6. The trajectories of the control inputs u;.
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Figure 7. The trajectories of the OTE with different control algorithms.

Table 1. Performance comparison.

Scheme Settling Time (s) RMSE
Proposed 0.59 0.1032
CFB in [23] 131 0.1219

5. Conclusions

The problem of the finite-time distributed consensus control of non-triangular SN-
MASs with input constraints was studied. Unlike in traditional distributed control algo-
rithms, the problem of an “explosion of complexity" was solved via a finite-time command
filter, and the distributed control performance was improved based on a fractional power
error compensation mechanism. The proposed distributed control algorithm could en-
sure that all signals of the closed-loop system were semi-globally finite-time bounded in
probability, while the consensus tracking errors were driven into a sufficiently small neigh-
borhood of the origin in a finite time. Based on the results of this paper, our future research
will focus on the problems of the finite-time distributed output-feedback containment
control of non-triangular SNMASs and the fixed-time distributed control of non-triangular

SNMASs in an event-triggered framework.
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