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Adaptive fixed-time fuzzy
containment control for uncertain
nonlinear multiagent systems
with unmeasurable states
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This paper addresses the adaptive fixed-time fuzzy containment control for uncertain nonlinear
multiagent systems, where the states and nonlinear functions are not feasible for the controller
design. To address the issue of unmeasurable states, a state observer is developed, and fuzzy logic
systems are utilized to approximate unknown nonlinear functions. Under the framework of fixed-
time Lyapunov function theory and cooperative control, an adaptive fixed-time fuzzy containment
control protocol is derived via the adaptive backstepping and adding one power integrator method.
The derived fixed-time containment controller can confirm that the closed-loop systems are practical
fixed-time stable, which implies that all signals in the systems are bounded and all follower agents
can converge to the convex hull formed by the leader agents within fixed-time in the presence of
unmeasurable states and unknown nonlinear functions . Simulation examples are conducted to test
the validity of the present control algorithm.
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For several decades, containment control for multiagent systems (MASs) as a persistent research area in coopera-
tive control that has found applications in various kinds of engineering systems such as Earth monitoring, semi-
Markovian MASs, obstacle avoidance of robots, and autonomous underwater vehicle systems'=>. The primary aim
of implementing containment control is to guarantee that the derived control protocol enables all follower agents
to converge to the convex hull formed by the leader agents. Since the containment controller design problem
of the linear MASs with both dynamic and stationary leader agents was solved by Cao et al.%, rich containment
works for different linear systems have been presented”®. A formation-containment issue was investigated by
Wang et al.? for interacted heterogeneous linear systems by fusing impulsive control method and discrete-time
communication manner in the distributed hybrid active control scheme design. In reality, most practical systems
are subject to complex nonlinear characteristics and should be modeled as uncertain nonlinear systems'’. Because
of the ever-increasing popularity of approximate techniques, especially in fuzzy logic systems (FLSs)!-!3, more
and more containment control algorithms, together with the backstepping technique, are executed over uncertain
nonlinear MASs".By utilizing fuzzy state observers and backstepping technique, a containment controller was
formulated by Zhang et al.'* for MASs in the nested pure-feedback non-affine nonlinear structure. The adaptive
distributed containment control law was derived by constructing FLSs, which ensured the containment error
is bounded of the nonlinear strict-feedback systems by Wang et al.'>. However, the containment controllers
designed in some references"®*!* can only ensure the controlled systems are asymptotically stable or uniformly
ultimately bounded.

For containment control problems, estimating controller performance relies heavily on the convergence rate,
making it a critical criteria. Notice that the finite-time control methods have better disturbance-rejection capa-
bilities, faster convergence speed, and higher tracking accuracy when compared to asymptotic controllers'®-.
Hence, the works on the finite-time containment control issues for MASs is of great importance and a sets of
valuable studies were presented in the references?->*. In the early days, a finite-time containment control strategy
was developed in reference® for rigid bodies by merging the sliding mode control approach, which also discusses
the cases of dynamic leaders and a single stationary leader. In some references®®?, two distributed finite-time
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containment control strategies formulated to obtain fixed-time stability were presented for multiple unmanned
aerial vehicles and double-integrator MASs. Further, to obtain ideal convergence rate for the controlled MASs,
in reference®, the finite-time containment control framework was established with adding one power integrator
for MASs with mismatched disturbances and the finite-time stability sufficient conditions have been given. More
notably is that the needing of initial states to value the settling time is not conducive to the finite-time control-
lers utilization owing to the initial states are not always feasible in practical situations. Since this shortcoming,
the fixed-time approach was derived by A. Polyakov?®, where the settling time can be determined without the
initial states. Due to the fixed-time controllers have distinct advantages, and as a result, significant progress has
been made in the references?*-*!. By adding one power integrator approach, a fault tolerant adaptive fixed-time
control was focused in some references* by employing fuzzy logics systems, in which the unknown actuator
faults were involved. In reference®, a fixed-time consensus control algorithm is derived via the sliding mode
control approach, which is feasible for MASs with external disturbances.

In most of the aforementioned results are working on the constraint that all states are available to the control
schemes propose. Unfortunately, in many engineering applications, such an assumption does not always hold.
For example, due to cost-saving considerations, sensor failure, and load limitation, only the output signals of
the systems are known**~*%. One of the most effective approaches to this circumstance is to propose the output
feedback control law*. Based on internal mode principle, a static output-feedback containment controller was
derived for heterogenous MASs in reference®, while in reference® an output finite-time containment control-
ler was studied for heterogenous MASs consisting of both multiple followers and leaders. Note that the out-
put feedback containment controllers have been formulated in some references**!, but these results are only
concerned with the asymptotically or finite-time stable. Although the fixed-time controller is derived in some
references®**, these algorithms may not be valid for the containment control. Moreover, when the unmeasurable
states are incorporated, the fixed-time containment control protocol derive becomes more complicated. So far,
the issue of developing fixed-time controllers for nonlinear uncertain systems with unmeasurable states has not
been thoroughly investigated, especially for uncertain MASs containment control case. This research gap has
prompted us to conduct this present study.

Summarizing the above discussions, an observer-based adaptive fixed-time fuzzy control protocol is formu-
lated to handle the containment control of MASs with unmeasurable states and unknown nonlinear functions.
The main contribution of this paper is threefold: (1) Different from the existing finite-time containment control
algorithms, such as references'®?, a fixed-time adaptive fuzzy control protocol is derived, which the settling time
of the resulting controlled MASs is regardless of initial conditions; (2) As the states of each follower cannot be
directly measured, an observer-based fixed-time containment control protocol is formulated, which can confirm
the controlled MASs are practical fixed-time stable and the observer errors are bounded within fixed-time; (3) In
comparison with recent results on fixed-time control by using sliding mode control approach®*, the developed
fixed-time containment control protocol via the adaptive backstepping and adding one power integrator approach
in this article can avoid the singular phenomenon. Although adaptive nonsingular fixed-time controllers have
been addressed in some references®*?, the obtained results are not feasible for the containment control problem.

The rest of this paper is laid out as follows. In Sect. "Preliminaries and problem statement”, the problem
statement and key preliminaries are presented. In Sect. "State observer and containment control scheme design",
the state observer and control protocol design are shown. The stability analysis for the uncertain MASs subject
to unmeasurable states is studied in Section "Stability analysis". In Section "Simulation examples", simulation
examples are shown. In Section "Conclusion”, some conclusions are shown.

Preliminaries and problem statement

Graph theory

The algebraic graph theory below is employed to illustrate the communication of information among
agents. The communication of information between the follower agents and the leader agents can be
described by, ® = (£,£,2). £ = {s1,...,SN>SN+1>- - .»SN+m} denotes the set of agents, wherei=1,...,N
denotes followers, i = N +1,...,M + N denotes the leaders. £ = {(s,-,sj)} € £ x £ denotes the edge set.
A =[] € RN+MX(M+N) denotes the adjacency matrix. (s;, ;) € £ denotes the agent i is a neighbor of agent
j- @jj > 0 for (s;,s5) € £; otherwise a;j = 0. T = [Ty] € RM+N)X(M+N) depotes the Laplacian matrix, and
%jj = —ajjifi # j. The Laplacian matrix ¥ is,

% gy
T = {OMxN OMXM}. )

where ¥; € RMX*M and ¥, € RM*N,

Fuzzy-logic systems
The FLSs will be utilized to model the unknown nonlinear terms. The FLSs have the following property.

Lemma 1 Reference** If h(x) is a continuous function on a compact set I, for given ¢* > 0, there is the FLSs such
that,

sup|h(x) — 6T g ()] < &* @)
xell
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where ¢ (x) = [¢1(x), 62(x),. .., G 1T/ 2(5:1 Gi(x) denotes the fuzzy basis faction vector, g represents the number
of rules, 6* is the optimal parameter vector.

System description
This article investigates the nonlinear multi-agent systems (MASs) that comprise of M leaders and N followers.
Theith (i = 1,..., N) follower’s dynamic is represented by,

i1 = Xig + fin(xi1),
Xign = Xims1 + fimXim), 2<m=<n-—1

- - 3
Xin =fi,n(xi,n) + uj, (3)
Yi = Xi1

where X, = [xi1,%i2, .. - ,xi,m]T. yi € Rand i, = [xi1,%i2, . - ,x,-,n]T are the system output and state vector.

fim(:)(m = 1,..., n)is the unknown nonlinear function. In this article, it is supposed that only y; is measurable
and the leader’s signal y;,(j = N + 1,..., M + N) is a sufficiently smooth bounded function which first and
two-order time derivatives are bounded.

Then, the system (3) can be rewritten as,

i1 = xi2 + fir(%i1) + Afig,

J.Ci,m = xi,m;}—l +fz',m(3_ci,m) + Afi,m> 2<m=<n-—1
ki,n :fi,n(ki,n) + Afi,n + u;,

Yi = Xi1

where Afi1 = fi1(xi1) — fi1 Ki1)s Afim = fim Cim) — fim Xim) Ain = fin(Xin) — fin(Rim), Xi,1 s the estimated
values of x; ;.

(4)

Control objective

This article aims to formula an observer-based fixed-time adaptive containment control law for the nonlinear
MASs (3) to make the controlled systems are practically fixed-time stable, and all agents are able to converge
to the convex hull formed by the leader agents in fixed-time, while maintaining a bounded containment error.

Lemma?2 Reference® Ifx; e R,i=1,...,0and ¢ > 1, one has,

4

0
¢ _
(Do l)” <2713 jl®, 5)
i=1 i=1
o e L
(D ml) " = > b (6)
i=1 i=1
Lemma3 Reference46 For x1 € R, x, € R, and a real number ¢ > 1, one has,
1 + x2]¢ <27 "[sigt (x1) + sigt (x2)], (7)
e — x2]€ <277 Vsig”(x1) — sigt (x2)] (8)
Lemma4 Reference* If g1 > 0, g > 0,and ¢ > 0, we have,

—81/82
|x1 81 %2182 < 81 |x1|g1+gz +‘L|x2|g1+gz ©)
s +& g t+g

Lemma 5 Reference® The practical fixed-time stability of the nonlinear system x = J(x,t), x(0) = xp, x € R"
can be obtained, if there is a Lyapunov function V, such that,

V < —(aV® 4+ bVHE 4 A, (10)

wherecs, ca, a,b € RT, cak > 1,c3k < 1,and 0 < A < oo. The residual set of the solution is described by,

1 1
_1 A k3 1 A kg
{limx|V§min{a “ - P b u 4}} (11)
t—T 1—n 1 —nk

with 0 < n < 1. The settling time can be bounded by,

1 1
T <
= FF1— k) | Fakek— 1)

(12)

Assumption 1 Each follower agent has at least one leader and the leader agents do not have neighbors.
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Assumption 2 Based on the Assumption 1, the matrix ¥; is symmetric and positive definite, all entries of
—%,'%, is nonnegative, and each row of —%1%; equal to 1.

Assumption 3 ForV X;, X, € R", the unknown function h; ,, (-) satisfies the following inequality,
[Rim (X1) — B (B2)| < tim [ X1 — X2l (13)

where (; , is a constant.

Remark 1 In our study, the MASs under consideration are more practical and comprehensive, which involves
unmeasurable states and unknown nonlinear function. Hence, compared with some recent works on contain-
ment control, this definition of the controlled systems is more general.

State observer and containment control scheme design
Design of state observer
To obtain the information of unmeasurable states, a state observer will be constructed.
Because the nonlinear term, f; ,,(-) (1 < m < n)is unknown, the FLSs are utilized to identify them. According
to Lemma 1, one has,

fi,m(fci,m) = efy]y;gi,m(ﬁ%i,m) + Eim (14)

where X, = [Xi,1,Xi2, . . ., Xi,m]| denotes the estimation of X;» = [Xi1,%i2, . .., Xim]. &im satisfies |&;m| < €],
. *
with e}, > 0.
A state observer is developed as,

Xig = Xiz + ki(zin — Zip),
Xim = Xima1 +km(zig —Zi1), 2<m<n—1

. ~ 15
Xin = kn(zi1 = Zi1) + wi (15)
Yi = Xi1
wherek; > 0(i = 1,. .., n)is designed parameter, z; is containment error, which is described by,
N N+M
zZiy = Zaij(yi —yj)+ Z aii(yi — yjr (1)) (16)
j=1 j=N+1
The estimation of z; ) is defined as Z; ;, which can described by,
N N+M
Ziy = Zaij@i -+ Z aij (i — yir (1)) (17)
j=1 j=N+1
The observer error e; is constructed as,
e = Xip — Xin = €11 €is - > €in] " (18)
With the help of (3) to (18), yields,
n
. T 2
éi = Kej1 + Aej — Kziy + Afi + & + Z Biim; oy Siym (Xi,m) (19)
m=1
where
—k 10 ---0
A=| ¢ i | eR™ Bi=[0---01 0T eR"
—ky_1 00 --- 1 v
—k, 00 --- 0

K= [kla k2> e k}’l]T) Aﬁ = [Aﬁ,la Aﬁ,Z) cees Aﬁ,n]T) Af1,m =fi,m(3_5i,m) _fi,m(fci,m)> & = [Si,lx Eidrenes Si,n]T~
Denote,

T

T1T T T.T 1
e=le,...,exl", e=1[e],....enl"> €

=lerneat..enal’s Af =[AfL.. AR (20)

By invoking (19) and (20), one has,

¢=(In®Ae+ (In — %) ® K)e' + Af + &+ O%¢ (21)
whereg =[¢f ..., 6l s e oo 1T, 0% = diagloyT, .., 0f T, 050, .. 0501

By designing vector K to confirm A is a strict Hurwitz matrix. Hence, for matrix Q = QT > 0, one has,
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TA+ATYT = -Q (22)

where T =TT > 0.
The Lyapunov function is designed as,

1
V, = EeT(IN Qe (23)
Then, the derivative of Vo is,

o1
V, = EeT(zN ® (YA+ATT)e+ e (Iy — T) ® TK)e' + e Iy ® T)(Af + &+ 0T ¢)

24
< —%eTUN ® Qe + Amax (IN = T)Amax (YK [e]® + " Iy @ T)(Af + &+ ©*T¢) Y
where Amax (+) denotes the maximum singular value of the corresponding matrix.
Under Assumption 3, we have,
el (Iy ® V) Af < max(tim) max (V)el|?
I @ T = 3 max (TNl + Sl (25)
' In®@ 10 < %/1max(T)2||e||2 + %H@*II2
According to (25), we have,
Vo < —Alel® + %II(“)*II2 + %IIEII2 (26)

where 1 = Anin(Q)/2 — Amax(UN — F1) Amax (Y K) — max(ti,m) Amax (V) — /lmax(T)2 > 0, Amin(-) refers to the
minimum singular value of the corresponding matrix.

Remark 2 Note that this paper constructs a state observer to obtain each follower’s state information. Based
on (23) and (26), we know that the estimate errors are bounded, which means there exists e;,, > 0 satisfying
leim| < €im. Thus, we can see that the error e satisfies ||e|]| < e withe = ||[e1,...,enll, em = ll[e1m>- - - > €imll-
Furthermore, it is apparent that the estimation errors exhibit practical fixed-time stability, which will be proved
by the stability analysis later.

Design of containment controller
In this section, an adaptive backstepping-based fixed-time containment control protocol will be developed, which
derive from the adding one power integrator approach.

Defined the coordinate transformation as follows,

Zim = sigl/y’” (Xim) — sigl/V’” WVim), m=2,...,n (27)

wherel > ¥ = Y1 +7 > 0,1 = 1,0 > 7 > —1,sig"/" (&; ) = sign(Rim)|Rim| /7", Vi is virtual control
law, sig"/ Y (Vi) = sign(vim)|Vim| /7.

Remark 3 In reference?, a fuzzy finite-time adaptive control protocol based on the adding one power integrator
approach was derived for nonstrict-feedback systems with unknown nonlinear functions. In reference®, via
employing homogeneous system theory, adding one power integrator approach, and nested saturation control
method, a fixed-time control algorithm was developed for switched nonstrict-feedback systems with unknown
functions and actuator failure. Note that the formulated controllers mentioned above by merging the adding one

. . . N
power integrator approach where the coordinate transformations are defined as z; ,, = X; g’” — Vi /Y. For these

coordinate transformation, the power should be a ratio of two odd numbers or an odd number. In this article
by using the sign function, a new coordinate transformation is defined as z; ,, = sigl/ Ym(Xim) — sigl/ Ym (Vi) in
which the power does not need to satisfy this limitation.

Step 1: From (16) and x;» = e + Xi2, we have

N+M N
Zin = 0i(xip + Afin + finRin) + fiin Rin)) — Z i — Zaij(ej,z + X2 + Afi) (28)
j=N+1 =1

where fj;1(%;,1) = ZJILJSI (%j,1)/0iand g; = Z]Iil a; + Z]I\E\]AL ojj . By Lemma 1, the FLSs are developed to

identify the f;1 (%;,1) and f;1(%;1), which can be described as

{fi,1(5<i,1) =01 ci1(Riy) + ein

N ~ s 2
fiinGij1) = 9;,{9;',1(3617,1) + &ij1 (29)
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Design the following Lyapunov function
Vig = ! ) + (30)
2
By invoking (28) and (29), it has

. ~ T ~ T ~
Vin =z (0i(eia + X2 — viz + viz + 6] 6i1Rim) + i1 + 031 i1 (Rij1) + &1 + Afip)
M+N N

. ~ <z (31)
— Z AijYjir — Zaij(ej,z + X2 + Afj)1)> + 35S
j=14N j=1
According to Lemma 4, it has
N M ]
2
zij0ieip < Q, 2+ 7||€|| —Zi] Zaijej,z < 721'2,1 + %Hffll2
(32)
M3 5 M4 5 5 1 2
zi10i 01 < timlziallen| < T2 + fllell —zi1 ;aijAfj,l < b+ 5 el
where 141, (42, 43, and 14 are positive constants.
Based on (29), one has
'9:1T§i,1(5<i,1) +éi1 < 9_,-T1T§i,1(5€i,1) (33)
where |e;1] < f with ef) > 0. §g1 (xi1) = [gi’T1 (%i1), 1], and 9_,-”‘ [01 1 »&;1]. Based on Lemma 4 and noting
that 0 < §,-?1(')§i,1(') < 1, one has
xl
21101(911§11+511) <Qt|211|§11 5Q1|211|~5 : <z 13 + T (34)
Where ;i,l = (\/5”9_:(1’1—’”)2) Y1 = Qi 021’ 3* = max{;i,l» .. {z n> gl] 1> {z 15} 1—‘l 1= WIth o1 > 0.
Similar to (34), we have
«L
Z1191(9,]1§1]l +81]1) <Q1|Z1l|§1]1 _Ql|Z11| ;2 <Nz 1*‘ + T (35)
Applying Lemma 2 and 3 yields
zin(Xig — vi2) < X2 — viallzial < 2lziallzi2]" (36)

Let Fi1(Si1) = 2|zi2 2 4| ]AinN otijj/j,/g,-| + | ZJI\LI a,'jfcj,z/gﬂand Si1 = [Zi,Z:j}jO) )%j,z]T. Subsequently, utiliz-
ing the FLSs to approximate the nonlinear function F;;, we have

Fin(Sin) = 6, Gins + &1 (37)
Similar to (34) and (35), we have
1 WL,
|211|Q1(01 1sSi, 15(Si1) + &i1s) <Q1|Z11|§2 |Zz',1|~r\“,'2 Y12, 1‘S + T (38)
From inequalities (32) to (38), yields
Vin < iallell® + zigoivip + ftinzh + xz SF + 3001 + Sidi (39)

i 1 1 1 1 .
wherelu”:“zlgl_f_/“_{_l‘; 121+ 1:#2 t35tas tt X =3
J 241 2 "3 o
The virtual controller v;, is derwed as,

1 . 2T . ST - ]
Vig = 5( — ny18ig2 (zi1) — n12sig2 (zi1) — RinZig — XZi13i) (40)
1
where J \s is the estimation of the J}. By invoking (40)-(75), one can have,
Vi< — e A 2 _ 2 L2 A 2 xx _ X4 13T

i1 < —nilzinl 7 + pellell” — malzinl =7 — xzi1Si + xziS; — SiSi + 300 1)

_ 8 4 A=
< jallel® = malzin |77 — nulzin| =7 — 38+ Sixzr; + 300

Step 2: Consider the Lyapunov function as:
Vio=Vi1 + @iz (42)

where
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i
@iy = / sig? ™73 (sigl/y2 (s) — sig!/” (vi2))ds (43)

Vi2

According to the integra derivation rule, the following equations holds:

dw;
2 Sig? P (zin)
0Xi, @)
d dsial/ V2 (v;
sz _ _(2 _ )/3)/ l 3 Slgl/yz (S) _ Slgl/yz (V )) S1g 8A(V1,2)
where “A” is §; and X1
Furthermore, we have,
%i2 ) . . dsigh/"2 (v;2)
73) / sig™7 (sig /v2 (s) — sig /v2 (Vi,z))ds T
2 (45)
.| 8sigt 72 (vi2)
<202 — lmT| 2o hel
<22 - y3)lzi2l A
Then, the derivative of V; is,
0w, ; 0w,
Vip = Vi +212 x:z +Z E = Xik + T@w
2 0w 2
. - ~ ~ 2 A % 2 2
= Vi1 +sig? " (zi2) (Riz + viz — vi3 + ka(zi1 — 2i1)) Z 7 Xik 7; i (46)
1 Ok 93;
. o . R dsig!/72(v;2) _
< Vit +sig? P (zi2) (Riz — viz + via + ka(zin — 1)) + 22 — y3) % BTk
Applying Lemma 2 and 3 yields,
|%i3 — visl <2177 sigh " (Ri3) — sigh/ " (vi3)] < 20230 (47)
Consequently, it follows from Lemma 4 that,
|Gz — via)sig? " (zi2)] < 2lzin* Plzimir | < Cislzisl* + 25, (48)
where €3 = y3(2 — 13)@=)/1s 5 g,
i 1/)’2( )
. . s R __|si Vi2)
Viz < Vip +sig” " (2i2) (Vi3 + k(@i — 21)) + Cislzisl® + 205 + 22 — y3)lzial' " gaiAl
(49)

UV (s o2 o )
Let Fi>(Sin) = 2(2 — y3)| Slg;# |where S = [Xi2, 37, Subsequently, utilizing the FLSs to approximate the
nonlinear term F;,, we have,

Fin(Si2) = 05 Gins + €ins < 05.5i25(Si) (50)
where e 5| < &} withef, > 0. 91*21; = [9,*27;, &75), and §LT25(S,',2) = [§,',T25(Si,2)a 1]. According to Lemma 4 and

noting that 0 < gi,TZS(-)g,-,ZS(-) < 1, one has

|Z;2|1 T(91255125+8125) <§,2 |Zzz|1 T<y T%|Z 2|1 T < )(Z 2“ +T (51)
where " = HTT(%X) s = (V2IG5L I -0,
Via < Vin+sig” P (viz + ka(zin — 2i1)) + x20,57 + Cislzis)* + T + 27, (52)
The virtual controller v; 3 is constructed as,
vig = —np18ig> " (zi0) — maosig” (zin) — sig’ (zi2) xSi — ka(zin — Zi) (53)

Then one has,

Vig < Viq — (ma2 — Dz, — mazly — 215 xSi + x25,3F + T + €islzis)?
4 8z &
< —mlzin| 77 — nalzin |77 + Si(xzh + Xz, — S0 — (2 — D77, (54)
—myziy + (n— 2T + 3751 + Cislzial® + iz el
whereny, > 1.
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Step m(3 < m < n — 1): Define the following Lyapunov function:
Vim = Vim—1+ @im (55)
where
Kim
Wim = / , sigzﬂ/'”*1 (sigl/y'" (s) — sigl/y'" (v,-,m))ds (56)
Vim

According to the integra derivation rule, the following equations holds:

dwim — gjg2Vmtl
. sig (2i,m)
. 57)
B dsig!/vm (y; (
lem _ _(2 _ ]/m+l)/ l Vimt1 Slgl/ym (S) _ Slg 1/Ym (V )) S1g aA(V:,m)
where “A” is Z‘si and X, k=1,...,m—1
Furthermore, we have,
dw, i 9sigl/Ym (v:
|57 < (2~ Yim) / sigh ™ (sigh/m (s) — sigh/™m vy ) ) ds| | 8 (Vi)
I v IA 58
’ 58

| 8sig/ " (v )
<202 = Va2 || T

A
Then, differentiating V; ,, leads to,
-1
. T 0wim » 5 0wim —Ymt1 A
Vim = Vim-1 + 8@ + kz_; 33Aci,k Xik +Zlm Xi,m

. Jw; A Jdw; 2
.o ~ N im R im A
=V im—1 T S1g Vmt1 (Zi,m) (km (Zi,l Zi,l) Xim+1 — Vim+1 Vi,m+1) 2 i § 9% Xik
' Rik

~Si k=1 1,
< Vim1 + 81877 Zim) (Rigmt1 — Vi1 + Vim+1 + km(zi1 — 2i1)
dsig!/Ym (v; ) _
+ 2@ = )| g
(59)
Applying Lemma 2 and 3 yields,
Rigmt1 — Vignpr] < 2177 [sigh Vet Ry 1) — sigh /v (1) ] < 20z man [V (60)
Consequently, it follows from Lemma 4 that,
| Rint1 — Vign+ DSIE ™ i) | < 202 mep1 |77 i |2V (61)
=< ¢i,erIZiz,m_H + Ziz,m
2~ VYm+1
where € 1 = 2 — Yimt1) ™ - Yg1 > 0.
Vim < Vim—1 + sig? " (zi) (ki (zig — 2i1) + Vims1) + Q:i,m+lzi2,m+1 + Ziz,m
i1/ Vm (v
si Vism) _ (62)
+ 22 = )| e i

oA /vm FUA e
Let iy (Sin) = —Cimlzim|'TF +22 — )/m+1)|51g};#|where Sim = [Xim> RAES Subsequently, utilizing the
FLSs to identify the nonlinear term Fj,,, we have

Fim = et*nj;ggi,ms + €ims = éﬂsfi,ms (63)
where|g; 5| < &f,, withef, - > 0. 9,*755 = [01*,55, &} sl and §i,Tms(Si,m) = [5i,Tms(Si,m)> 1]. According to Lemma 4
and noting that 0 < gi,ms( )Gims(-) < 1, one has

1-1
1— 1—
|Ztm| 1(01 msSiyms T i, ms) < |Zi,m| Tgi,yfl
1-7
< |Zi |17‘L",r\;f 2 (64)

<xz I 4+T

L,m1
1-x

where i = (V21075 Y10, T = ML (2 x) .
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. . e
Vim < Vim—1 + S1g Vi1 (Vi,m+1 + km(zil Zt 1)) + XZ1 m~ 1 P+ r +¢ m+121 ;m+1 + Zlm
The virtual control protocol v; ,,+1 is developed as,
. 24 . . R ~
Vil = —Hm 18187 " (Zign) — Ny 28ig"" ! (Zim) — sigh™ ™ (zim) X Si — km(zin — Zi1)

Then we have

. . 2 4 2 2 2~k - 2
Vi,m =< Vi,m_l - (”m,z - l)zi,m — Mm%, — %, mX(\S + XZim~Si +I'+ €"’m‘*'lzi,h‘H»l
n—1 n—1 .
4 8 2 ~ 2 &
< —mlzin 7T — niplzin| T — E (nm2 — Dziy, + i E XZim — i
m=2 m=1
n—1
—~ im (0= 2T 43051 + fiallel® + €impr2]
Nm,12; n il T M2lle i,m+1%i ;a1
m=2

wherenp,y > 1.
Step n: Consider the following Lyapunov function:

Vi,ﬂ = Vin-1+ @Tin
where
fin 1 1
Dip = / sig? 7 (sigh/ 7 (s) — sig!/ " (viy) ) ds
Vin

Then, the differentiating Vi,n leads to,

3 . - 2 0w p A
Vin = Vig—1 +sig” " (zi ) Xin + —= Z i
3\51 P Xik
. - ~ 0wy - i awi,n 2
= V,‘,,/,,l + S1g Yrtl (Zi,n)(ui + kn(zi,l - Zi,l) Z Xik 2 Si
Xik 03 i
k=
4 8
< —mlzia |7 = mglzin| 77 + <Z XZm — ) Z(”ml
n—1
4 - 2 1-
- Z N1 Zi + SI8™ 7" (zin) (i + kn(Zin — 2i1)) + |Zin]' " Fin(Sin)
m=2

+(n—2)T + 30 + fialel?

(65)

(66)

/vn
where F; ,(Si ) = €inlzin)'TT + 22 — yn+1)|M | with S; , = [Xin \s,] . Then, according to Lemma 1,

Fin(Sin) can be described by,
Fin(Sin) = 0] Gims(Sin) + €ims < 07 Cims(Sim)
withef,e > 0.57 (Sin) = [6],s(Sin), 1and 67 = (6],

where g 5| < &F s

Lns lﬂS’el ns

0 < 61 ()Sims() < 1, 0ne has

1-1
1- -7, 73
|Zi,n T(@l nsgl,nS(Si,ﬂ) + €ins) < |Zinl r;i’nz
N*; 1-
=3 : |Zin '
2 ok
= XZpsSi t r

2
where ¢,y = (V211671 T
Furthermore, one has

n—1 . n—1 n—1
V < 2% % ~ 2 L 2 4
in < —n1lzin| 7T — npplzin 7T 4+ S XZim — S | — (nm,z —Dziy— ) tmizi,
m=1 = m=2

+ sig” " (zi) (i + kn(zig — 2i1)) + X270, S + 3001 + ltz||€||2 +(n— DT
Then the actuator control protocol u; and adaptive law %,- are derived as,

.2 . . R A
uj = —ny1sig” " (2i) — nposig’ (zin) — sig” (zi) X Si — kn(zig — 2i1)

(71)

]. By Lemma 4 and noting that

(72)

(73)
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J; = Z )(ziz)m — 03 (75)

Based on (74), we have,

n n
. 4 8 ~ A
— P ~ 2 & 2
Vin < —n11lzin| 77 — niplzin| 2= + Ji( g XZim — «%) - E (nm2 — Dz,
—2

m=1

n
=Yz, + 300 + jallel® + (n = DT
m=2
Substituting the adaptive law (75) into (76) yields,
. s _ n n ~
Vin < —nnalzin |77 — mialzin| 27 + 03 — Z(”m,Z -z}, — Z M2y, + (n — DT + 305 + el

m=2 m=2

(77)

Remark 4 According to the property 0 < gi’Tms(-)gi,ms() < I and maximal norm estimation method, only an

adaptive parameter S; is introduced to design the controller in place of utilizing weight parameter vectors, which
efficiently simplifies the algorithm and reduces calculation load.

Stability analysis
The focus of this section is to analyze the stability of the controlled nonlinear MASs (3) under the derived
observer-based containment protocol.

Theorem 1 For the uncertain nonlinear MASs (3) with Assumption 1-3, the issue of containment control can be
effectively addressed when the state observer is constructed as (15), the virtual controllers are chosen as (40), (53),
and (66), an actuator control scheme with adaptive updating law (75) design as (74). Furthermore, the derived
controller can ensure that the controlled systems are practical fixed-time stable and all followers are able to converge
to the convex hull formed by leaders within fixed-time.

Proof Note that,

Xi,m
Dim = / sig? v+t (sigh/ Y (s) — sig! VM (vim) ) ds < 2lzim|* " (78)
Vi,m
Choosing0 < a = % <11<pB= ﬁ, one then has
n
7. 2 \a 2 \B XK, o = 2
Vin < _”1,1(21',1) - ﬂl,z(zi,l) — O0R5isSi — (Mo — l)wi,m + wzllell
m=2
" (79)
. Z nm,lwfm +m—-1DI + 3l
m=2
Invoking (23), (30), (55) and (68), we select the overall Lyapunov function as
N
V=Vot > Via (80)
i=1
Invoking (26) and (79), the form of Vis given,
B N N N n N n
Vv < —dyllel* — an,z(ziﬂ)ﬁ - Z"1,1(Zi2,1)a - Z Z(”m,Z - Do, — Z Z ﬂm,lwfm
i=1 i=1 i=1 m=2 i=1 m=2
N N (81)
- ~ 2 Nn 5 1 2
+ NG = DF =0 3583+ 1071 + Sllell? + 3 3T
i=1 i=1
whered; = A1 — 12 > 0.
For 0 3;3;, we can obtain,
~ A o ~
oS = = 3+ Esjﬁ (82)

Based on Refs.*>%, it is known that for a bounded function 3 with constant Ay as the boundary, 0 < o < land
B > 1such that,
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o ~ O ~5\ ¥ o ~\B
I8 =-(3) - (58) (83)

where wy = (1 — @)a®/17% 4 (Ao /4)P
Similar to (83), we can obtain,

= B = o
= A1 A1
—ialel?* < - <2||6||2> - (2||6||2> + we (84)

where w, = (1 — a)a®/1-% 4 (}.152/2)5.
Employing (83) and (84), yields

N N n N
VomVi+ Y @) =303 mmwl, + Noe— DT+ 3T,

i=1 i=1 m=2 i=1
N N N
Nn o ~\B - 1 o ~\B o
— %)% - (—Tsz) — (Gallel?/2)? + = 1lel? - (—Sg) w3+ — 312
+ e ;4, (Zallel?/2)" + S llel ;4, +ﬁw+;21
_pye_ 2 B
< 7’]1V 2p—1 VP 4+ R
) _(85)
where 71 =min{o% Mimin,2°4},} 5, fimin = min{n,2 — Lng},  n = min{(U/Z)ﬂ,nzmin,)»f} ,

. = N N
Mamin = min{ny, 1,12}, 8 = N(n— DI+ 30 305 + 210712 + S el + o3 + o + Y iy §372
According to Lemma 5, we see that the solutions of nonlinear MASs (3) are practical fixed-time stable under
the derived observer-based containment control protocol. Moreover, we have

1 1
) LR NE o NTE (RN
W= {tl_l)rr%szlan < mm{n1 (1 — 770) , (25*1) T— (86)

in fixed-time, that is ||z;|| < Ay in fixed time, where Ay = min{n;é( D )é, (%)_%(L)%}»

1-no 1—no
0<n <1. Invoking zZil = Z]J\Ll aij(yi —yj) + zji\i-]tllj-l aij()’i —yjr), it is a fact that z; = T])/-Fizyr,
where y = [yl,...,yN]T, Yy = [y(1+N),,...,y(N+M),]T z1 = [z1.1,...,2n1]7. Furthermore, we have

y — (=%, '%2y,) = T 21, As the convex hull is created by the leader agents, which can be defined as
ya(t) = =T, ' Ty, when Vt > T, we have

A
Iy = ya(oll = AL 2% (87)

‘min (Tl) - ;Lmin(‘fl)

s Follower i
Followers Leaders i
—
State Observer (15)
>
Communication graph i
T Virtual Control Laws (40), (53), and (66).
a,y,(jeN,) N
ay, ( k=N+1-,N+ M) —— Actual Control Strategy (74)
Adaptive Updating Law (75)

Figure 1. Block diagram of the fixed-time controller.
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Therefore, it can conclude that the followers can realize the containment performance with a bounded contain-
ment error in fixed-time. The block diagram of the derived controller is given in Fig. 1. O

Remark 5 When using terminal sliding mode control methods to design fixed-time controllers, the nonlinear
function in the terminal sliding mode controller contains fractional power terms, which may cause singular-
ity problems when controlling second-order or higher-order systems. Although non-singular terminal sliding
mode control methods can avoid singularity to some extent, they cannot guarantee non-singularity in the entire
two-dimensional space and are only applicable to second-order systems, unable to be extended to higher-order
systems. The proposed adding one power integrator method has effectively solved the singularity problem by
introducing a class of power-term-integral items into the design of the virtual controller, effectively avoiding the
possible singularity that may occur during differentiation. Based on this, a non-singular fixed-time controller
based on power integral technology is proposed in this paper.

Simulation examples
This section includes two simulation examples that test the validity of the derived controller.

Example 1 The chosen example is composed by three followers and two leaders, which the communication
graph can be given by Fig. 2. F;, F, and F; represent followers 1-3, and L; and L, denote leaders 1-2 in Fig. 2.
The dynamics of followers i = 1, 2, 3 are defined as,
551‘,1 = Xip + 0.12xi,1sin(xi,1)
Xip = 0.8sin(xj,1Xj2) + U (88)
Yi = Xi1
The dynamics of the leaders are,

y1r = 0.6 4 0.3sin(0.15t)

yor = —0.3 + exp(—t). (89)

The initial values are given as X1,; (0) = 0.1,x1,1(0) = 0.3, %12(0) = 0.25,x12(0) = 1, %2,1(0) = 0.1, x2,;(0) = 0.4,
522,2(0) = —0.15, nyz(O) =—1, 5&3’1 (0) =0.1, X31 (0) = 0.5, 553,2(0) = —0.25, X3,2(0) = —1,55(0) = [0.3,0.1,0.1].
The design parameters are given as 12 = L, viys = L ;3 =0, 021 = 1, 015 = 0, a4 = 0, o123 = 0, atp5 = 1,
3] = 0.9, o3y = 0.2, o34 = 0, 035 = 1.3, ny,1 = 2, ny1 = 2, ni2 = 2, Ny = 2, k] =15, kz = 85, Xi= 0.2,
o=01p; =271=-1/8

The simulation results are exhibited by Figs. 3, 4, 5, 6, 7 and 8. Figure 3 shows the curves of y;, y1, and y,.
Figures 4, 5 and 6 show the curves of the state estimation values. From Figs. 7 and 8, the curves of J; and u; are
shown, respectively.

Example 2 The communication topology in this scenario remains the same as in Example 1. Each follower agent
represents a damped car system. The dynamics of such a system can be represented by the following equation

Xi1 = xip + fi1(xi)

. 1 .
%ip = —(—koe "' x;) — Faxin + u;) (90)
M
Yi=Xx1
where f;1(x;) = —0.01cos(x;,)sin(xi;) is the external disturbances, x; | is the displacement of the car with respect

to the rest position, and x;  is the speed of the car. F; = 1.1 Ns/m is the damping factor. M = 1kg is the mass of
the car, and K = kge™! denotes the stiffness of the spring, ko = 0.33N/m. The models of the leaders are

y1r = 0.7 + 0.4sin(0.1t)

y2r = —0.3 4 0.4sin(0.1t). G

(=)
'
Pas

Figure 2. Directed communication graph.
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Figure 3. The curves of y;(i = 1,2,3)and y;;(j = 1,2).
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Figure 4. The curves of state x; j, X1, and observer error ey ;(j = 1,2).

The initial values are given as x;,;(0) = 0.1, x1,;(0) = 0.5, X1,2(0) = 0.2, x12(0) = 2, X,;(0) = 0.1,
x2,1(0) = 0.3, )%2,2(0) = —0.15, x2,2(0) =-1, )’23,1 (0) =0.1, X3.1 (0) = 0.3, )%3,2(0) = —0.15, X3,2(0) =-1,
§(0) =[0.2, O.I,O.I]T. The design parameters are givenas iy = Lo = Lz = 0.9, 13 = 0,003 = 0,014 = 1,
03y = 0.2, 04 = 0, 15 = 0, 05 = 1, o34 = 0, 035 = 1.3, nip = 1.5, ni2 = 2, npi1 = 1.5, npo = 2, k] = 15,
ky =80,x =0.1,0 = 0.1, it;,; = 2,7 = —1/5. Figure 9 is the containment control result, and we see that all fol-
lower agents” outputs are able to converge to the convex hull formed by the all leaders’ outputs y;, . Figures 10, 11
and 12 show the curves of the state estimation values, which prove the validity of the constructed state observer.
From Fig. 13, the curves of &; are shown. The curves of u; can be obtained from Fig. 14. The control protocol
(74) that has been derived has been proven to be effective in achieving ideal containment control performance.

Based on above results, the derived observer-based fixed-time containment controller confirms the practical
fixed-time stability of the controlled every follower agent. Besides, it is noticeable that the outputs y; are able to
converge into the convex hull formed by the leader agents in fixed-time.

Remark 6 A new control strategy, which involves designing a state observer and implementing fixed-time con-
tainment control, is presented for nonlinear multiagent systems in this paper. In contrast to the current finite-
time controllers, our derived containment control protocol can confirm the controlled systems are practical
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Figure 5. The curves of state X2, X2 7 and observer error e; jG=12).
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Figure 6. The curves of state x3 j, X3, and observer error e3 ;(j = 1,2).

fixed-time stable, in which its settling time of the controlled systems can be determined without the initial states.
As the states of each follower cannot be directly measured, an observer-based fixed-time containment control
protocol is formulated, which can confirm the controlled multiagent systems are practical fixed-time stable and
the observer errors are bounded within fixed-time. In comparison with recent results on fixed-time control by
using sliding mode control approach, the developed fixed-time containment control protocol via the adaptive
backstepping and adding one power integrator approach in this article can avoid the singular phenomenon.
Moreover, the developed fixed-time controller denotes a new attempt for MAS systems subject to unmeasurable
states and unknown nonlinear functions by backstepping approach and adding one power integrator approach,
which can prevent the singular and non-continuous phenomenon.

Conclusion

The focus of this article was to study the problem of fixed-time containment control in MASs that have unmeasur-
able states and unknown nonlinear functions. To address the issue of unmeasurable states, a new state observer
was constructed. A fixed-time adaptive containment control algorithm was formulated by integrating the adding
one power integrator technique and backstepping approach. The proposed algorithm effectively resolves the
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Figure 7. The curves of SiG=1,2,3).
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Figure 8. The curves of u;(i = 1,2, 3).

25 T

-1.5 !
0 10

30 40 50 60 70 80 90 100
Time (Sec.)

Figure 9. The curves of y;(i = 1,2,3) and y;(j = 1,2).

Scientific Reports |  (2024) 14:15785 |

https://doi.org/10.1038/s41598-024-66385-3

nature portfolio



www.nature.com/scientificreports/

/\_/ 11

P N
—— i
0r 11| 4

0 10 20 30 40 50 60 70 80 90 100

2 T T T T T T T T T
T2
0 Vt—:‘—/—m— - 0 7 "2‘1.2 -
2 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
2 T T T T T T T T T
€1,1
0 - 0 7 61.2 —
2 L L L L L L L L L

0 10 20 30 40 50 60 70 80 90 100
Time (Sec.)

Figure 10. The curves of state xy j, X1 j» and observer error ey j(j = 1,2).

0.5 T T T T T T T T T
21
0 — == &1 ]
05 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
5 T T T T T T T T T
Z22
0 —— =@l |
5 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
5 T T T T T T T T T
€21
0 ———-e2] |
5 L L L L L L L L L

0 10 20 30 40 50 60 70 80 90 100
Time (Sec.)

Figure 11. The curves of state x, j, X3 j, and observer error ez ;(j = 1,2).

singular problem in this paper. It was proved that the solutions of the controlled system are practical fixed-time
stable under the formulated observer-based containment fixed-time controller, and the follower agents are able
to converge to the convex hull formed by the leaders in fixed-time. Finally, simulation results tested the validity
of the developed fixed-time adaptive control protocol. Future study will concentrate on formulating a fixed-time
containment controller for MAS that involve switching topologies and mismatched disturbances .
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Figure 12. The curves of state x3 j, X3 j, and observer error e3 ;(j = 1, 2).

Time (Sec.)

30 40 50 60 70 80 90

0 10 20 100
Time (Sec.)
Figure 13. The curves of 3;(i = 1,2, 3).
40 T T T T T T T T T
uy
30 —— =
— e ug
20 b
10 1
O *
-10 1
-20 h
30 i
40 F .
-50 . . . . . . . . .
0 10 20 30 40 5 60 70 80 90 100
Time (Sec.)

Figure 14. The curves of u;(i = 1,2, 3).

Scientific Reports |

(2024) 14:15785 |

https://doi.org/10.1038/s41598-024-66385-3

nature portfolio



www.nature.com/scientificreports/

Data availability
All data generated or analysed during this study are included in this published article.

Received: 29 April 2024; Accepted: 1 July 2024
Published online: 09 July 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yao, D., Li, H. & Shi, Y. Adaptive event-triggered sliding mode control for consensus tracking of nonlinear multi-agent systems
with unknown perturbations. IEEE Trans. Cybern.https://doi.org/10.1109/TCYB.2022.3172127 (2022).

Jin, X, Li, S. & Yu, J. Adaptive NN-based consensus for a class of nonlinear multiagent systems with actuator faults and faulty
networks. IEEE Trans. Neural Netw. Learn. Syst.https://doi.org/10.1109/TNNLS.2021.3053112 (2021).

Wang, L., Hu, J. & Fu, M. Distributed containment control of the underactuated vessels with collision/obstacle avoidance and
connectivity maintenance. Ocean Eng. 298, 117194 (2024).

. Gonzalez-Sierra, J., Ramirez-Neria, M., Santiaguillo-Salinas, J. & Hernandez-Martinez, E. Saturated formation containment control

for a heterogeneous multi-agent system with unknown perturbations. Automatica 159, 111343 (2024).

. Deng, D., Zhao, X., Lai, Q. & Liu, S. Fuzzy adaptive containment control of non-strict feedback multi-agent systems with prescribed

time and accuracy under arbitrary initial conditions. Inf. Sci. 2024, 120306 (2024).

. Cao, Y,, Stuart, D., Ren, W. & Meng, Z. Distributed containment control for multiple autonomous vehicles with double-integrator

dynamics: Algorithms and experiments. IEEE Trans. Control Syst. Technol. 19, 929-938 (2010).

. Zhang, D. & Feng, G. A new switched system approach to leader-follower consensus of heterogeneous linear multiagent systems

with DoS attack. IEEE Trans. Syst. Man Cybern. Syst. 51, 1258-1266 (2019).

. Zhang, D,, Liu, L. & Feng, G. Consensus of heterogeneous linear multiagent systems subject to aperiodic sampled-data and DoS

attack. IEEE Trans. Cybern. 49, 1501-1511 (2018).

. Wang, Y., Liu, X,, Xiao, J. & Shen, Y. Output formation-containment of interacted heterogeneous linear systems by distributed

hybrid active control. Automatica 93, 26-32 (2018).

Ju, Z., Zhang, H. & Tan, Y. Distributed stochastic model predictive control for heterogeneous vehicle platoons subject to modeling
uncertainties. IEEE Intell. Transport. Syst. Mag. 14, 25-40 (2021).

Shen, M., Ma, Y,, Park, J. H. & Wang, Q. Fuzzy tracking control for Markov jump systems with mismatched faults by iterative
proportional-integral observers. IEEE Trans. Fuzzy Syst. 30, 542-554 (2020).

Yu, J., Wang, Q. G., Wang, G., Ma, P. & Liu, J. Command filtered adaptive fuzzy control for induction motors with iron losses and
stochastic disturbances via reduced-order observer. IEEE Trans. Circuits Syst. I Express Briefs 70, 1525-1529 (2022).

Wang, L., Wang, H. & Liu, P. X. Fuzzy adaptive finite-time output feedback control of stochastic nonlinear systems. ISA Trans.
125, 110-118 (2022).

Zhang, F. & Chen, Y. Fuzzy adaptive containment control for nonlinear nonaffine pure-feedback multiagent systems. IEEE Trans.
Fuzzy Syst. 29, 2878-2889 (2020).

Wang, W. & Tong, S. Adaptive fuzzy containment control of nonlinear strict-feedback systems with full state constraints. IEEE
Trans. Fuzzy Syst. 27, 2024-2038 (2019).

Zhou, H., Sui, S. & Tong, S. Finite-time adaptive fuzzy prescribed performance formation control for high-order nonlinear multi-
agent systems based on event-triggered mechanism. IEEE Trans. Fuzzy Syst.https://doi.org/10.1109/TFUZZ.2022.3197938 (2022).
Huang, B., Zhang, S., He, Y., Wang, B. & Deng, Z. Finite-time anti-saturation control for Euler-Lagrange systems with actuator
failures. ISA Trans. 124, 468-477 (2022).

Zhao, H. et al. Rotation matrix-based finite-time attitude synchronization control for flexible spacecrafts with unknown inertial
parameters and actuator faults. ISA Trans. 128, 276-289 (2022).

Sun, K., Karimi, H. R. & Qiu, J. Finite-time fuzzy adaptive quantized output feedback control of triangular structural systems. Inf.
Sci. 557, 153-169 (2021).

Jiang, B., Karimi, H. R., Kao, Y. & Gao, C. Takagi-sugeno model-based sliding mode observer design for finite-time synthesis of
semi-Markovian jump systems. IEEE Trans. Syst. Man Cybern. Syst. 49, 1505-1515 (2018).

Yu, J., Shi, P, Chen, X. & Cui, G. Finite-time command filtered adaptive control for nonlinear systems via immersion and invari-
ance. Sci. China Inf. Sci. 64, 1-14 (2021).

Xiao, W,, Ren, H., Zhou, Q, Li, H. & Lu, R. Distributed finite-time containment control for nonlinear multiagent systems with
mismatched disturbances. IEEE Trans. Cybern. 52, 6939-6948 (2021).

Ly, X., Niu, Y. & Song, J. Finite-time boundedness of uncertain Hamiltonian systems via sliding mode control approach. Nonlinear
Dyn. 104, 497-507 (2021).

Li, Y, Qu, E & Tong, S. Observer-based fuzzy adaptive finite-time containment control of nonlinear multiagent systems with input
delay. IEEE Trans. Cybern. 51, 126-137 (2020).

Meng, Z., Ren, W. & You, Z. Distributed finite-time attitude containment control for multiple rigid bodies. Automatica 46, 2092—
2099 (2010).

Yu, Z., Liu, Z., Zhang, Y., Qu, Y. & Su, C. Distributed finite-time fault-tolerant containment control for multiple unmanned aerial
vehicles. IEEE Trans. Neural Netw. Learn. Syst. 31, 2077-2091 (2019).

Wang, X., Li, S. & Shi, P. Distributed finite-time containment control for double-integrator multiagent systems. IEEE Trans. Cybern.
44, 1518-1528 (2013).

Polyakov, A. Nonlinear feedback design for fixed-time stabilization of linear control systems. IEEE Trans. Autom. Control 57,
2106-2110 (2012).

Gao, M., Ding, L. & Jin, X. ELM-based adaptive faster fixed-time control of robotic manipulator systems. IEEE Trans. Neural Netw.
Learn. Syst.https://doi.org/10.1109/TNNLS.2021.3116958 (2021).

Cao, L., Xiao, B., Golestani, M. & Ran, D. Faster fixed-time control of flexible spacecraft attitude stabilization. IEEE Trans. Ind.
Inform. 16, 1281-1290 (2019).

Khodaverdian, M. & Malekzadeh, M. Fault-tolerant model predictive sliding mode control with fixed-time attitude stabilization
and vibration suppression of flexible spacecraft. Aerosp. Sci. Technol. 2023, 108381 (2023).

Liu, R, Liu, M, Ye, D. & Yu, Y. Event-triggered adaptive fixed-time fuzzy control for uncertain nonlinear systems with unknown
actuator faults. Inf. Sci. 612, 344-360 (2022).

Zhao, L., Yu, ], Lin, C. & Yu, H. Distributed adaptive fixed-time consensus tracking for second-order multi-agent systems using
modified terminal sliding mode. Appl. Math. Comput. 312, 23-35 (2017).

Zhao, L., Yu, J. & Chen, X. Neural-network-based adaptive finite-time output feedback control for spacecraft attitude tracking.
IEEE Trans. Neural Netw. Learn. Syst.https://doi.org/10.1109/TNNLS.2022.3144493 (2022).

Yu, J., Shi, P, Liu, J. & Lin, C. Neuroadaptive finite-time control for nonlinear MIMO systems with input constraint. IEEE Trans.
Cybern.https://doi.org/10.1109/TCYB.2020.3032530 (2020).

Hu, Q, Si, X, Qin, A., Lv, Y. & Liu, M. Balanced adaptation regularization based transfer learning for unsupervised cross-domain
fault diagnosis. IEEE Sens. J. 22, 12139-12151 (2022).

Scientific Reports |

(2024) 1415785 | https://doi.org/10.1038/s41598-024-66385-3 nature portfolio


https://doi.org/10.1109/TCYB.2022.3172127
https://doi.org/10.1109/TNNLS.2021.3053112
https://doi.org/10.1109/TFUZZ.2022.3197938
https://doi.org/10.1109/TNNLS.2021.3116958
https://doi.org/10.1109/TNNLS.2022.3144493
https://doi.org/10.1109/TCYB.2020.3032530

www.nature.com/scientificreports/

37. Su, X, Chen, Q, Jiao, C. & Dai, X. Output feedback fuzzy control of nonlinear dynamic systems: Event-triggered case. Int. J. Robust
Nonlinear Control 31, 6527-6548 (2021).

38. Zuo, S., Song, Y., Lewis, E. L. & Davoudi, A. Output containment control of linear heterogeneous multi-agent systems using internal
model principle. IEEE Trans. Cybern. 47,2099-2109 (2017).

39. Yuan, C. & Zeng, W. Output containment control of heterogeneous multi-agent systems with leaders of bounded inputs: An adap-
tive finite-time observer approach. J. Franklin Inst. 356, 3419-3442 (2019).

40. Wang, W. & Tong, S. Observer-based adaptive fuzzy containment control for multiple uncertain nonlinear systems. IEEE Trans.
Fuzzy Syst. 27, 2079-2089 (2019).

41. Zhou, Q., Wang, W,, Liang, H., Basin, M. V. & Wang, B. Observer-based event-triggered fuzzy adaptive bipartite containment
control of multiagent systems with input quantization. IEEE Trans. Fuzzy Syst. 29, 372-384 (2019).

42. Xu, H. et al. Nonsingular practical fixed-time adaptive output feedback control of MIMO nonlinear systems. IEEE Trans. Neural
Netw. Learn. Syst.https://doi.org/10.1109/TNNLS.2021.3139230 (2022).

43. Huang, B, Li, A., Guo, Y. & Wang, C. Fixed-time attitude tracking control for spacecraft without unwinding. Acta Astronaut. 151,
818-827 (2018).

44. Deng, C. & Yang, G. Distributed adaptive fuzzy control for nonlinear multiagent systems under directed graphs. IEEE Trans. Fuzzy
Syst. 26, 1356-1366 (2017).

45. Qian, C. & Lin, W. A continuous feedback approach to global strong stabilization of nonlinear systems. IEEE Trans. Autom. Control
46, 1061-1079 (2001).

46. Zou, A., Kumar, K. D. & de Ruiter, A. H. Fixed-time attitude tracking control for rigid spacecraft. Automatica 113, 108792 (2020).

47. Wang, A., Liu, L., Qiu, J. & Feng, G. Finite-time adaptive fuzzy control for nonstrict-feedback nonlinear systems via an event-
triggered strategy. IEEE Trans. Fuzzy Syst. 28, 2164-2174 (2019).

48. Yang, T. & Li, Y. Fixed-time fault tolerant control for a class of switched nonlinear systems. Int. J. Adapt. Control Signal Process.
34, 1768-1778 (2020).

49. Zhang, Y. & Wang, F. Observer-based fixed-time neural control for a class of nonlinear systems. IEEE Trans. Neural Netw. Learn.
Syst. 33, 2892-2902 (2021).

Acknowledgements
This work was supported by the Natural Science Foundation of Shaanxi Province of China (2022]Q- 636).

Author contributions

Ruixia Liu: Software, Conceptualization, Methodology, Writing, Investigation. Lei Xing: Writing, Conceptualiza-
tion, Methodology, Investigation. Yongjian Zhong: Methodology, Investigation, Writing. Hong Deng: Software,
Investigation. Weichao Zhong: Conceptualization, Writing, Software.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 1415785 | https://doi.org/10.1038/s41598-024-66385-3 nature portfolio


https://doi.org/10.1109/TNNLS.2021.3139230
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Adaptive fixed-time fuzzy containment control for uncertain nonlinear multiagent systems with unmeasurable states
	Preliminaries and problem statement
	Graph theory
	Fuzzy-logic systems
	System description
	Control objective


	State observer and containment control scheme design
	Design of state observer
	Design of containment controller

	Stability analysis
	Simulation examples
	Conclusion
	References
	Acknowledgements


