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Abstract: This article investigates a penalty-based distributed optimization algorithm of bipartite
containment control for high-order nonlinear uncertain multi-agent systems with state constraints. The
proposed method addresses the distributed optimization problem by designing a penalty function in
the form of a quadratic function, which is the sum of the global objective function and the consensus
constraint. Moreover, the observer is presented to address the unmeasurable state of each agent. Radial
basis function neural networks (RBFNN) are employed to approximate the unknown nonlinear functions.
Then, by integrating RBFNN and dynamic surface control (DSC) techniques, an adaptive backstepping
controller based on the barrier Lyapunov function (BLF) is proposed. Finally, the effectiveness of
the suggested control strategy is verified under the condition that the state constraints are not broken.
Simulation results indicate that the output trajectories of all agents remain within the upper and lower
boundaries, converging asymptotically to the global optimal signal.
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1. Introduction

Recently, due to its remarkable computational performance and scalability, distributed convex
optimization has garnered significant attention from researchers [1,2]. Distributed convex opti-
mization algorithms effectively address optimization problems in complex and large-scale network
environments by integrating traditional optimization theories with recently developed theoretical
techniques for coordinated control of multi-agent systems (MASs) [3,4]. Compared to centralized
optimization, distributed convex optimization offers improved scalability, robustness, privacy and
flexibility, making it widely applicable in various fields, such as economic dispatching of smart grid
systems [5, 6], resource assignment for sensor networks [7], large-scale machine learning [8] and
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distributed source location and estimation [9].

In distributed convex optimization, agents are assigned local objective functions, and the global
objective function is constructed by aggregating these local objective functions. Through continuous
information exchange in the communication network, the optimal solution to the global objective
function is eventually obtained. As an extension of the consensus problem in MASs, the consensus
problem in distributed optimization has garnered increased attention from researchers. In engineering
practices, designing distributed protocols to achieve both consensus and performance optimization in
MASSs is highly reasonable. In UAV formation control, aircraft should consume a small amount of fuel
when the speed and attitude are consistent. Discrete-time distributed consensus optimization algorithms
for MASs have been studied in [10, 11]. However, to meet the requirements of practical applications,
research on a distributed consensus in continuous-time MASs [12, 13] is more prevalent.

Actually, most distributed optimization problems can be reformulated as optimization problems with
consensus constraints. For example, in [14], a distributed consensus optimization algorithm based on a
penalty function was proposed for a first-order system. For first-order [15, 16] and second-order [17-19]
MAS:s, several distributed optimization algorithms have been presented. For instance, a non-uniform
gradient gain was proposed in [20], and a continuous-time zero-gradient-sum algorithm was designed
in [21]. However, in comparison to the articles [20-22], a more concise distributed optimization
algorithm based on the penalty function was proposed in [23], which avoided the involvement of
distributed estimations.

The objective of this paper is to devise a distributed controller that facilitates the collaborative
convergence of all agents towards the optimal solution. For high-order MASs, there are various control
methods for solving distributed optimization. For example, a distributed output feedback integral
controller is proposed to address the output consensus problem for the distributed optimization in [24].
A projection-based second-order control algorithm was proposed in [19]. A Non-smooth embedded
control framework was designed in [25]. In [26], the penalty function method and the additive power
integrator technique were combined. However, when the states are unmeasurable, the aforementioned
distributed optimization problem cannot be solved. Therefore, the unmeasurable system states highly
affect the running of high-order nonlinear MASs. Compared to other control methods, adaptive control
is widely used and exhibits a robustness to system uncertainties.

As suggested by the general approximation theory, radial basis function neural networks (RBFNN) and
fuzzy logic systems are applicable in addressing the uncertainty of nonlinear systems. In [27], a fuzzy state
observer based on radial basis functions was presented to estimate unavailability states. In [28], for a class
of nonlinear MASs distributed control with strict feedback, adaptive neural networks were employed to
approximate uncertain states. Moreover, RBFNN and backstepping techniques were combined to construct
an adaptive controller in [29]. Dynamic surface control (DSC) was employed to avoid the complexity
explosion in the backstepping method [29-31]. For high-order nonlinear uncertain MASs, the utilization
of the adaptive neural network backstepping control method to solve distributed optimization problems
is relatively rare. Therefore, designing an adaptive controller to address the distributed optimization
problem for high-order nonlinear MASs with unknown states is a meaningful task.

Furthermore, these above protocols are designed with little regard to the control performance and
state constraints, which is impractical in systems with either limited resources or actuators. As a matter
of fact, the problem of being state-constrained is common in practical systems. The barrier Lyapunov
function (BLF) method has been presented by domestic and foreign scholars [32], keeping the system
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state within constraints. In [33], the employment of BLF ensured the boundedness of the entire system
state and constrained all closed-loop signals within a compact set. In [34], the log-asymmetric BLF
was proposed, combined with the DSC technique and an adaptive backstepping controller is designed
to solve the constraints. With the extension of the nonlinear system with state constraints, the BLF is
applied more widely. However, distributed optimization for high-order nonlinear uncertain MASs with
state constraints have not been studied, which provides the research motivation of this paper.

Based on previous observations and discussions, this paper focuses on investigating the distributed
optimization problem of high-order MASs with state constraints by using the penalty function method.
First, by integrating RBFNN and DSC techniques, an adaptive backstepping controller is proposed.
From the second step, the introduction of the BLF guarantees the preservation of state constraints. The
unknown state of the system is observed by a state observer. The key research contributions of the
article are outlined below in comparison to earlier works.

1) Differing from the adaptive controller designed only for the consensus problem [35,36] and the
containment problem [37], we take the distributed optimization problem into account to enhance
the system performance. Besides, compared to the bipartite consensus control studied in [38,39],
we introduce two virtual leaders to achieve a bipartite containment effect. The trajectory of the
optimal solution in the distributed optimization remains within the convex hulls delineated by the
upper and lower reference signals.

2) Unlike [40] and [26], in which the distributed optimization for high-order nonlinear MASs is
studied, in this paper, for purpose of meeting the practical requests of the system, we consider
state constraints in distributed optimization problems. The introduction of the BLF guarantees
the preservation of state constraints. Distributed optimization for high-order nonlinear uncertain
MASs with state constraints have not been studied before.

3) In contrast to [14, 15,41], in which the distributed optimization algorithm is proposed for the
fist-order nonlinear MASs, in this paper, we focus on the high-order MASs with unknown variables,
which have an increased engineering application value. Combined with RBFNN technology, the
observer is designed to estimate the states of each agent.

The structure of the remainder of this paper is presented below. The second part introduces some
reserve knowledge, such as the basic theory of the multi-agent and distributed optimization principle.
In Section 3, an adaptive observer is prepared and we create a BLF-based adaptive backstepping
controller, and a DSC technique is utilized to update virtual control law constantly. In Section 4,
simulations are carried out to verify the validity of the controller. The final section summarizes the
whole text and draws some conclusions.

2. Preliminaries

2.1. Graph theory

Based on the information interaction between multiple agents, we use digraph G = (w, X A) to repre-

sent the relationship between agents. w = {ny, ..., ny} represents a set of node and y = {(ni, n J)} EWXW
is defined as a set of edges. Information can be transferred between the agent i and agent j. There exists

N; = {j ‘(n, nj) E)(}, which expresses the set of neighboring agents for agents i. A = {aij} € RV is
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the adjacency matrix and the element g;; of it has two possible values. When (ni, n j) €x,a;j=1;in
other cases, a;; = 0. It is presumed that a;; = 0. Then, we design D = diag (d,, ..., dy) as the diagonal
matrix, d; = 3’ je,=n, @;j- The Laplacian matrix can be defined as L = D — A.

2.2. Nonlinear multi-agent system
Consider the following nonlinear high-order multi-agent system:
Xip = Xipe1 + hip(Xi1, -, Xip)
Xin = ui(t) + hin(Xiy, -+ 5 Xin) (2.1)
Yi = X1

where y; represents the system output and 4, , (), (p = 1,2, ...,n — 1) are unknown nonlinear functions.
The control input is defined as u;. X;, = (x;1,---, x,-,p)T € R? is defined as the system state vectors.
Rewrite the system (2.1) into the form below:

Xi,n =AXin+ Ty + Z B;, [hi,p(Xi,p)] + Biu; 2.2)
p=1

0

—&i 1 Ti,l 0 E
where Hurwitz matrix A; = o L Ti= [ : ], Bi=|:|,Bi,=|,| Of = Q;and PT = P; are

—£in 0 - 0 Tin 1 :

0

predetermined positive matrix,

AP+ PA; = -20.. (2.3)

2.3. Barrier lyapunov function

In this paper, consider the BLF of the ith agent as follows:

1 kipi®
Vi1 = zlog —+—— 2.4)
2 ki,blz - Si,12
where k; ;) 1s the constraint on s;; and |sl-,1| < kip.
Lemma 1. ( [42,43]) For any given positive constant k; ) and s;, satisfying |s,~’1| < kip1, we have
kip® ;12
log i,bl i1 (25)

2 2 :
ki,bl —Si,12 ki,bl _Si,12

2.4. Problem formulation
To facilitate subsequent calculations, we refer to the following lemmas.

Lemma 2. ( [44]) For an undirected connected communication topology, distributed optimization

problems can be
N

min Z £(x), 5.t (L® L) x = Opn (2.6)

x€RNm £
i=1
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where x = [x,7,---,xyT1!. Utilizing the principles of the penalty function theory, the approximate
optimization problem is formulated as follows:

N
min Z £(x) + %ﬁxT (L®1,)x 2.7)
i=1

XERNm £
where ¥ > 0 is a constant penalty parameter and %ﬂxT (L ® I,,) x is the penalty term for violating the
consensus constraint L ® I,,x = Op,,.

Lemma 3. ( [45]) The inequality relationship shown below is valid

nt 1
Xy < ="+ Iyl (2.8)
a bn

where x,y € R",a,b>1,n>0,and(a—1)(b-1) = 1.

The distributed optimization problem is the subject of this paper, so for N agents, the global objective
function f is the sum of strictly convex local objective functions f;:

N
fxin) = Zfi(xi,l)~ (2.9)

i=1
Define x; =[xy X2 - xN,l]T. According to [46], 1y is eigenvector for eigenvalue O of Laplacian

matrix; for some a € R, if x; = « - 1y, we obtain
Lx; =0 (2.10)
ALy =0, (2.11)

It should be noted that in this paper x € R", therefore, based on Lemma 2, we construct the following
penalty function:

N
P(x1) = ) filxin) + x| Lx. (2.12)
i=1
Our target is as follows
(XT,l’ . -~,X7v,1) = argmin P(x;). (2.13)
X1,1,---,XN,1)

The local cost function of the ith agent f;(x;;) can be designed as:

Ji (xi,l) = Cli,l(xi,l - xd1)2 + ai,z(xi,l - Xarz)2 +cC

2.14
= a,-xiz,l + b,~x,~,1 + C; ( )

where x;; and x,, are the upper and lower bound of the trajectory of motion, a; = a;; + a;», a; > 0,
b; = —2a,~,1xd1 — 261[72)6[12, C; = ai,lxdlz + a,;zxdf + ¢ and q;, c are scalars.

Remark 1. Based on the strong convexity of the quadratic function, the global objective function
designed in this paper is composed of quadratic functions. To solve the optimization problem of the
bipartite containment control, it involves multiple virtual leaders. By constructing a penalty function,
all followers are converged to the optimal solution of the distributed optimization problem, which lies
within the convex hull of the trajectories of each virtual leader and their opposite trajectories.
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Control objectives: The purpose of this paper is to design a distributed optimization controller, so
that the optimal solution for the trajectory moving between the upper and lower bounds of the virtual
leaders under state constraints can be found.

3. Main results

3.1. Observer design

Assumption 1. The unknown functions h; ), (X,;p), (i=1, ---, n)can be shown as follows:
hip (Xipltip) = 01, W0, (Xip) . 1 <i < (3.1)

in which \¥; , (Xi,p) delegates the Gaussian basis function vector, and 0;, represents the ideal constant
vector.

In this paper, an observer is placed to estimate the agent’s unmeasurable states, since the assumption
that the state variables given in (2.2) are unavailable. The observer is presented as follows:

Z,n = Ai)?i,n + Tiyi + Zn: B;, [ili,p (Z’,pwl’,p)] + Biu;
p=1

(3.2)

)71' = CiXi,n

— T
where C; =[1...0...0], X;, = (fci,l, Rins e fc,-,p) are the estimated values of X; ,,.

Lete; = X;,, — )?,n be state observation errors of system (2.1). Combining Eqs (2.2) and (3.2), we get
é; :Aiei + Z Bi,p [hi,p (Xi,p) - I’li’p (Xi,p Igi’p) + Al’ll”p] (33)
p=1

where Ah;,, = hy, (Xi,) = hip (Xi,):
By Assumption 1, we can obtain

hip (Xip|0:) = 01,1, (X.). (3.4)

The optimal parameters are set as

0;, = arg_min [supg,peyi,p hia (X |0:) = i (55,,)]] (3.5)

Bi,pEQi,p

where 1 < p <n, Q;, and U, , are tight regions for 6; ,, X; , and )/(\,-,p.
Define errors of the optimal approximation &; , and parameter estimation 6; , as

'fi,p = hi,p ()’Zi,p) - ili,p ()’(\i,p

— * —_ .
ei,P - gi,p 01,17'

Qz”) (3.6)

Assumption 2. ( [47,48]) The boundedness of the optimal approximation errors is ensured by the
existence of positive constants &, such that |§i,p| < .
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Assumption 3. The set of constants 7; satisfies the following relationship
i (Xio) = i (Xep)| < 72 %30 = X (3.7)

From Egs (3.2) and (3.3), we obtain

e = Aiei + i Bl‘J, I:é:i’p + Al’li,p +Fézp‘{’i,p ()/le)]

r ) (3.8)
= Aiei + Ahl + é:,' + Z Bl}p [ﬁézpq}i,p (Zp)]
p=1
where fi = [gi,l’ ...,f,"n]T, Al’ll = [A]’ll‘,l, ceey A]’ll‘,n]T.
Constructing the Lyapunov function:
N N 4
_ _ 1or
Vo—;Vl,o—;z Pie,
Then, by derivation, we have
N —_—
Vo < Z{ (PAAT + AiP;)e; + e Py (& + Aly) + Z el PiBi, [0, (X,;,,)]}
" oo (3.9)
< Z{ eiTQiei + €l~TPl' (fl + Al’ll) + €l~TPl' Z Bi’ppézpq’i’p (Zp)}
i=1 p=1
According to Lemma 3 and Assumption 3, we obtain
€?Pi (f, + Ah;) < |61TPI§I| + |€lTPlAl’l,|
1 1 . 2
2 2 2
<lleil* + SIPEIF + SIIPi ; A,
1 - 1 (3.10)
2 2 p 2 2 2
< llesl|” + §||ei|| 11P;]] Z::%,p + §||Pifi||
< [leill? (1 + —IIP [ Z%p ] ~|IP&IP
and
- = 1 1 v = =\~
T T oL pT i T
el P ) B0, Y, (Xiy) < Sl PTPei+ 5 DO, (%), (Xip) 61y
- 1 ! o (3.11)
2 2 o o
< Eﬁi,max (P lleill” + 5 0; pbip-

p=1
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Due to the positive definite matrix P;, the maximum eigenvalue is proposed as A; . (P;). Based on
Eqgs (3.9), (3.10) and (3.11), we have

N n

. 1 I =

Vo < Z [—qi,oneinz +SlIPENF + 5 Zl ei,pei,p] (3.12)
= p=

where 0 < ¥, , ()W, () < 1 and g;o = dimin (Q) — (1 + 3PP 3 ¥, + 547 ma (P,-)).
, Py
Then, (3.12) turns to

n

. 1 al
2
Vo < —qollell” + §||P§|I EZI (3.13)

1
p=1 2

where gy = Zf\il qio-

3.2. Controller design

Theorem 1. For systems (2.1) where Assumptions 1-3 hold, combining observer (3.2), virtual control
laws (3.36), (3.48) and (3.60), adaptive laws (3.37), (3.49), (3.61), (3.70) and control input (3.69)
together, signals x;; which converge to the distributed optimization problem’s optimal solution xj ,
remain semi-global uniformly ultimately bounded (SGUUB) in the closed-loop system.

Define the virtual control laws

Xy = —cinl2ai1(xi1 — xa1) + Zaiz(xil — Xa2) + Z]eN a;j(xi1 — xj10)] — QZI‘Pi,l(Xi,l)
—Vi2

* 1,5
Xi3 = —CiaSi2 — (ﬁ + 5) Sio — lz(Xzz) (3.14)
* 1 ln‘l_vi'm
Xim+1 = “CimSim — (E + %)Sz,m i,m z,m(Xt,m) + =0 Lim
adaptive laws
01 = oW (XiD[2ai 1 (xi1 — Xa1) + 2a;2(xi1 — Xa) + 2jen; @if(Xin = x;01 = pin6is
Oip = 0i201Yi2(Xi2)sin — pinbin (3.15)
Qi,m = O-i,mam\Pi,m(Xi,m)si,m - pi,mei,m
Hi,n = O-i,n(sani,n(Xi,n)si,n _pi,ngi,n
control input
1 3 in — Vin
Ui = —CinSin — (2_6,1 + ) Sin — tn(Xl n) T (3.16)
wherec,1—3+ c>0p>00‘>0(5— z,|S|<k,b
Proof. Specify the error variables in the followmg manner:
Si,1 = Xil — X;-il
Sip = Xip = Vip (3.17)
Wip =Vip— X, P=2,",n
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where s; , represents the tracking error, v; , is a state variable that can be obtained using a filter with the
virtual controller x; ,, w;, denotes the error between v;, and x; , and £; , is the estimation of x; .
Through the DSC technique, this paper constructs the following filter
AipVip +Vip = X Vip(0) = x7,(0) (3.18)
where p is the order of the multi-agent model and 2 < p < n. Combining (3.17) with (3.18), we have

. 3k

W,',p = vi,p - X

iLp
vi,p - x;'k,p .k
- Ay ~Yip 3.19)
W.
= —ﬂ + Bi,p
iL.p
where A, is the parameter we set. B;, = —)'c;“p. According to [49] and [50], there exist constants

M,',p > 0, |Bi,p| < Mi,p-
Step 1. First, the gradient of the penalty function (2.12) is calculated as follows

oP Of; (xia(t
OP1) _ e (100N (3.20)
ox 1 6xl~’1
where vec (W) is a column vector. To find the extremum of the penalty function, we need to locate
the point where its derivative is zero
OP(x;
o) _,
ox;
Combining (2.12) and (3.20), we obtain:
afi(x; () ..
ax;l + Z aij(x;; —x;,) = 0. (3.21)
i1 JEN;
According to (2.14) and (3.21),we have
2a;1 (X7 — xq1) + 2a;5 (X — x0) + Z a;j(x;; — x;,) = 0. (3.22)
JEN;

Then according to (3.17) and (3.22), we have

OP(x) _0fi (%1 (1) + Za--(x1 - X;1)
[FASMA J>

Ox; 1 0x;,1 -
=2a;, (x,-,l - xdl) +2a;, (xi,l - Xp) + Z aij(xi,l - xj’l)
=
N (3.23)
= 2a;1 (%] = Xa1) = 2a; (%] — xa2) + Z aij(Xgy = X51)
JEN;

=2a;s;1 + Z a;j(si1 — 8j1)-

JEN;
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Let sy = [s1) -+ syil?, A = diag{2a;}, H = A+ L. According to (3.23), we have
oP
(x1) = Hs,.
(9)61

Construct the following Lyapunov function:

OP(x)Y _ (0P(x)) = 1 —p~
g == §—J
Vi=Vot 2( 0x ) 0x, i — 0';',191’16’1

N1 = (3.24)

=Vy + —sl THs, + ; o
where s; = [s1; --- sy]7 and o7 are the parameter we set. According to (2.1), (3.2) and (3.17), we have
Sin = Rio + 0L Pir + 0, Wi1 + Alyy + &y + e (3.25)

Then, according to (3.24) and (3.25), we can obtain

N
Vl :V()+S{H.S"1 +Z—
i=1

i1

N
=V, + slH(xz +vec(l9,1‘{’,1)+vec(TT,1)+Ah1 + & +62 + Z LETEI

i=1 Tl

=V +sTH(s + Wy + X5 +vec(9 Y )+vec(0 Y )+Ah +&i+e )+ZN:L5T5 (3:26)
—Yo 1 2 2 2 i1 i1 Lil 1 1 2 - Tit i,1Yi,1
=Vo + 5| Hsy + s Hwy + s H (x3 + vec(6], 1) + vec (6],¥.1)) + st HAby + 5| HE,
N
+ S{H€2 - Z O_L"ézwléi,l

=1 b

where s = [s12 -+ SN,z]T, wy = [wip - WN,Z]T’ x; = [XT,Q va,z]T, Ahy = [Ahyy Ahyy - AhN,l]T,
E = [E11 & o Enall, er = [e1n ean -+ enall, vec (951‘1’1',1) and vec (5{1‘1’,-,1) are column vectors.
According to Lemma 3, we have
T | — L7
s1Hs, < ESIHH sp + 55252 (3.27)
1 1
s|Hey < ESITHHTsl + Eegez (3.28)
1 1
sTHw, < 35 THH" s, + 2w2w2 (3.29)
1 1
sTHAR, < 351 THyy H s, + 261 el (3.30)
1
%1—mm%+§@ (3.31)
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where y| = diagly;1],e1 = [e11 ex1 -+ eN,l]T. Substituting (3.27)—(3.28) into (3.26), V, turns to

Vi<Vo+s H (xz + vec (QiT,l‘I’,-,l) + vec (7971‘1’,1))

1 1 1 1
+=s{HH s; + =whwy + =sI HH" 51 + =53 52

2 2 2 2
1 1 1 !
+ 2 STHyy [ H s + 5461 + ESITHHT“ " 268

1 1
ES{HHTsl + 26262—2 » 9119,1
Due to H = A + L, we can obtain

Try _
s H —[2611S1,1 + § aj(sip—sj1), -, 2aysy,; + § ani(sn1— Sj1)|-

JeN; JEN;
Then, we have
OP(x1)\" (9P(xy)
THH"s| =
51 o1 0x1 8)61

N 2
= Z[zai,l (X1 = Xa1) + 2a;2(xi1 — X0) + Z a;i(si1 — Sj,l)]

i=1 JEN;
and
N 2
TH THT _ 2 2 2
syHyvy H s1 = ) v;1|2ai1 (xin = Xa1) + 2ai0(xin — Xa2) + ) @ij(sin — sj1)| -
P N

According to Theoreml,

’ .
Xip == cia[2ai1(xin — Xa1) + 2a;2(xi1 — Xa2) + Z a;j(xip — x;1)] — 0, Wi (Xi1)
JEN;

91‘,1 :Ui,lTi,l(Xi,l)[zai,l(Xi,l - Xq1) + 2ai,2(xi,1 — Xg) + Z aij(xi,l - xj,l)] —pi1bi1.

JEN;

Substituting (3.34)—(3.37) into (3.32), after (3.13), we have

1 1
— gollelP + —||P§||2+ZZ zeT G + ezez +oeler+ SEé

i=1 p=1
N T
Pil 7 1 OP(x1)\ (0P(x1)
_1,011 i1+ szsz+ 2wng—( ax o
1~ S 5
2
= qillell” +n1+;;5 Z] ’9119,1+22,2+;5w,~,2
2 (0P (x)\ ., (0P (x))
H
/lmax (H_l) 0)(,'1 0)(,'1

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)
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where g1 = go — N, 1 = HIPEP + 1671, Apar(H™) is the maximum eigenvalue of the positive matrix H".
Step 2. In accordance with (3.17), design s;, = Xi» — vi». By (3.2) and (3.4), we obtain
Sin =Xia — Viz

) _ . _ (3.39)
=83+t w;3+ Xl-’3 + Ein€i1 + Hi’zlPi,Z + 91-’2\}1,-’2 + f,"z + A/’l[’z = V2.

Starting from this step, according to Lemma 1, we add the state constraints condition and define
01 = . Construct the BLF

2
kl b1~ 2

N
V2 = V1 + Z Vi’z
=1 (3.40)

1 N

where k;;,; and o, are parameters we set.
Then, we have

1
V2 = V] +Z{615,25,2+ 91292+W12W,2} (341)
i=1 Ti2

Substituting (3.39) into (3.41), V, turns to

N
Vz :Vl + 2[61 Si’2(Wl"3 + 83+ x;-k’3 + Ei2€;1 + GZZTi,Z +Féi7:2lP’"2 + é‘:i,2 + Ah,’yz — \./,‘,2)
i=1 (3.42)
1 — =
+ —5?29,"2 + W,"zwi,z].
Oi2 7
According to Lemma 3, we obtain
PR N T P T
Sio€in€i1 < =8 + € |leill (3.43)
2 2
2 l 2 2
§i28;3 + SioW;3 < Si,2 + 3 (Sl-’3 + Wi,3) (344)
¢ <1 i +1||§ I1? (3.45)
SioCion S <8 —1ISi .
,261,2 2 i,2 2 ,2
1, 1, )
SipAhiy < 2 12 5)’,-,2”61',2” . (3.46)
Substituting (3.43)—(3.46) into (3.42), we have
501 , 1,, 5
V2 <V1+Z 51S12 l3+912\P2+9132\P12 V,2)+ s12+—(si3+wi3)
2 2\0 ’
i=1 3.47)
1, o, 1 » 1 2 1~
+ 58,-,2||€i,1|| + §||fi,2|| + 5)’,-,2”@1',2” T o —. 120i0 + Wiowis -
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According to Theoreml,

1 5 A x;‘kz —Vip
== i2Si2—|—+ =<1|S; —HT\PI' X,’ + — 3.48
X5 CinSin (251 2) sio — 0, ¥i2(Xi2) 1 (3.48)
bin = 0120, Wia(Xin)siz — Pinbin. (3.49)

Substitute (3.19), (3.48) and (3.49) into (3.47). According to Lemma 3, we have w;,B;, < zwl )+
%M?’Z, after (3.38), we can obtain

Ny N N N
' 2 T g LT L2 2
Vo <= qollell” +m2 + Z Z 59,;,,95,;7 + Z 079,-,191',1 + Z F9i729i,2 Z CiaSin

i=1 p=1 i=1 ’ i=1 ’ i=1

e ) 2 (0P ., (0P (x))
_Z(——l)w. e )( . )H ( F ) (3.50)

i=1

-3[s

i=

M12+ l3+Wl3):|

where ¢; = g1 — % Zﬁ\; (8,2,2 + )’52) s =M + % Zﬁ] ||§i,2||2-
Step m. Design s;,, = X, — Vim, by (3.2) and (3.4), we obtain

Sim =Rimet + Eimit + O i + 00 Pi + Eim + My = Vi (3.51)
According to Lemma 1, define 6,, kzzbm . Put forward the BLF
N T 7 2
=V, 1+§;{ ”"+a9 i m} (3.52)

where k;;,, and o7, are designed parameters.
After derivation,

N
. 1 — ~ .
. T .
Vm = {6msi,msi,m + _ei,mei,m + WimWim ¢+ Vm—l . (353)
-1 im

Substituting (3.51) into (3.53), refer to (3.17), we have

N
Vm Vm 1 +Z[6 Szm(szm+1 +Wzm+1 +xzm+1 +81mezl +9 \sz+9 lem +§zm
i=1 (3.54)

1 ~
+ Al’llm — vi,m) + —9 9 + w,;mw,-,m .
Tim

According to Lemma 3, we obtain

1 1
Sim€imbi,l < Eslz,m 2 lm”ell” (355)
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. . + 5 . < 2 +1 2 + 2
SimSim+1 SimWim+l = si,m 2 si,m+1 Wi,m+1

2
II&mII

Si,mfi,m = 2 Sim

1 1
SimAh 57 )’,mllelmll

Lm —= 2 lm
Then, V,, turns to
S 56
' ' T ‘nT . m 2
unsuwl+§:kﬁ&m@;ﬁl+@mwmf+@mww,-wm)+-§_&m
i=1
1 1
2 2
+ 2( im+1 + Wzm+1) + 8 ”el l” + ”gtm”
1 1 —
+ 271m||etm|| - ag th + Wzmwzm
According to Theoreml,
* _ T A im im
Xim+1 = = CimSim — (26m + E)Si,m - Hi,mlPi,m(Xi,m) + /l—i,m

ei,m = O-i,mdm\Pi,m(Xi,m)si,m - pi,mei,m-

According to Egs (3.60), (3.61) and (3.19), by Lemma 3, we have w;,,B;,, < w2 4+ M2

Lm = 2%im

can be rewritten as

N
S 3 1 5 , .
Vm SVm—l + 6msi,m(_ci,msi,m - (26 + E) si,m - ei,m\Pi,m(Xi,m)
i=1 mn
X = Vim ~ 56
im 5 T T . m 2
+ 1 + Hi,mlPism + Hi,m\Pi,m - vi,m) + 2 m T (Sl mil T Wz m+1)
im
1 1
2 2 2 2 T
+ Slm”etl” ”‘ftm” 7,m||€zm|| - 9 (O-tm Lmstm pi,mei,m)
2 Tim
2
w; 1 1
1,m 2 2
- MW+ =M
/li,m 2 im 2 1,m]

Combining (3.13), (3.38) and (3.50), we have

N n r
| — 2 OP (x1)\ ,_, (OP(x1)
i — I 1
gullell” + 1mm + Z Z > 0ip0ip I (H—l)( dx ) ( 0xy )

i=1 p=1

p=1 ~bP p=2 p=2

Where gy = gt =3 2, (82,4 72,) st = Tt + 3 20 Il

i %a?péh,p - Zm: ci,pszp - Zml (%p - 1)w§p + % Zm: Mzm + % (siz’mJrl +wj

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)
(3.59)

(3.62)
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Step n. Design s;, = X, — vi,, by (3.2) and (3.4), we obtain

. A .
si,n —xi,n - vi,n

(3.64)
=u; + Ein€il + Hgn‘l’i,n + Féz‘n\{li’n + é:i,n + Ahi,n - vi,n-
According to Lemma 1, define 6, = k2 . Put forward the BLF,
ibn ln
Vo=V + = Z{é s2,+ HTG,n+w } (3.65)
where k;;, and o, are the parameter we set.
Then, we have
N 1 N
Vn = Vn—l + Z {6,15,',,15‘1',, FéT 9 + W,nW,n} . (366)
i=1 Tin
Substituting (3.64) into (3.66), we obtain
N
Vn :Vn—l 2[6 Sll’l(ul + & mez 1+ 9 \Pln + H,nllji,n + gi,n + Ahi,n - Vln)
i=1 (3.67)
1 —
+ FéiTnei,n + Wi Wi n]
O—i,n ’

According to Lemma 3 and the derivation principle of the previous steps, Eq (3.67) is formulated as

36,
V <Vn 1+ Z[(S Sin\U;i + QlTn\Pz,n +F§anyi,n - "}i,n) + 7.8’12"
i=1 (368)
1 . .
+ 5eallel? + ||-fm|| + y,nnemn — —0] 0 + WinWin -
O-i,n
According to Theoreml,
1 3 . N Xip = Vin

= — CinSin — —\s;, =6 W, (X; _ 3.69
U; CinSin (26,1 + 2) Sin 9”1 t,n( 1,n) + /li,n ( )
gi,n = O-i,nén\Pi,n(Xi,n)si,n _pi,nei,n- (370)
Substitute Eqgs (3.69), (3.70) and (3.19) into (3.68). By Lemma 3, we have w; ,B;,, < zwm + 1Mlzn,

then we can obtain

12 = 2 (oP(x)\ ., (0P
-t en e 233~ ) ()

i=1 p=1
N n n
B

p=2 p=2

(3.71)
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where g, = g1 = 3 XX (€2, +92,) 70 = st + 3 28 Il
Through Lemma 3, we have

Define

Thus, we rewrite (3.71) as follows

. 2 OP(x)\ | (0P (x))
Vn S — Yn 2 - H
q ”e“ /lmax (H_l)( (9)61 axl
2 ip T A 2
+ [ D ey Z(F‘z)%@w‘ (T‘l)ww +e
=1L p=2 p=1 LP p=2 \"P

where ¢;, > 0, (522 = 1) > 0,(;£ = 1) > 0,(p = 2,-+- ,n), = > 0.
Define ,

. qn Pip 1 1 4
C= 2——2¢i 2| —-=,2—-1),—— .
mm{ Amin(P) i (20—i,p 2) (/li,p ) Amin (H™1)

Thus, we obtain

V, <= CV(x(0) + ¢.

(3.72)

(3.73)

(3.74)

(3.75)

(3.76)

According to the study conducted by [51], it is easily verified that in the closed-loop system, all of

the signals from system (2.1) stay SGUUB.

Remark 2. As is shown in Theoreml, compared to the papers that study the bipartite consensus control
of MASs [38, 39], Eq (3.22) introduces two reference signals x,1 and x4, in the design of a distributed
optimization controller. Serving as virtual leaders, x;1 and x4, achieve a bipartite containment effect,
which aims to ensure that the trajectory of the optimal solution in the distributed optimization lies within
the convex hulls defined by the upper and lower reference signals. These signals generate upper and

lower convex hulls due to the negative signals emitted by agents.

Remark 3. For the distributed optimization problem of bipartite containment control in high-order
nonlinear MASs with state constraints, by integrating RBFNN and DSC techniques, a BLF-based
adaptive backstepping controller is designed. Moreover, a more concise optimization algorithm based
on penalty functions is presented to minimize the global objective function and achieve optimal output.

4. Simulations

In this session, we use two examples to show how successful the control mechanism is. The results

prove that the distributed optimal control algorithm in this paper has practical applications.
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4.1. Example 1

For a second-order system, the model is as follows

Xin = Xio + iy (i)
Xin = Ui+ hip (Xi1, Xi2) 4.1)

Yi = Xi1.
The unknown functions in system (4.1) are

hi,l :O

h1,2 =x11 — 0.25x;, — Xil + 0.3 cos (1)
3 2 2 \\/2

hyy =x31 = 0.25x25 = 13, +0.1(x3, +23,) +0.3cos (1)

h3,2 =X31 — 0.25X3,2 - X3 +0.1sin ([) (X3’1 + 2X3’2) + 0.3 cos (l)
3 . 2 2 \!/2

hay =xa1 = 0.25x50 — x5, + 0.1sin (1) (223, +223,) " + 0.3 cos (¢)

3 . 2 2 \1?
hsy =xs1 = 0.1xsy — x3, +02sin (1) (3, +23,) +0.3cos (7).

The topology of Figure 1 shows the information exchange between five agents, with agent 4
receiving the opposite information. The initial states of five agents are set as x;(0) = [0.05, 0.05],
x2(0) = [0.1,0.1], x3(0) = [0.15,0.15], x4(0) = [-0.2,-0.2], x5(0) = [0.25,0.25]. Define x;; =
0.2 % sin (¢) + 0.2, x5, = 0.2 = sin (¢) + 0.4 as the reference signals. Thus, the trajectory of the optimal
signal is x] = 0.2 * sin (¢) + 0.3. The local objective functions of agents are given as follows

1 =8.5x — (8xg1 + Oxn)x; + 4xg” +4.5x° + 1

2 =16.5x5 — (16x41 + 17x10)%; + 8x41” + 8.5x0° +2
3 =13x3 — (12x41 + 14xg)x3 + 12x41% + 14x0% + 1
f4=152x3 + (14.4x53 + 16x2)x4 + 7.2X55" + 8xz” + 2
£5=9.5x3 — 9xa1 + 10x0)xs + 4.5x4% + Sxan” + 2.

Regarding the observer, the parameters are chosen as g;; = 500, g;, = 5,000 and the initial states
are selected as x; = [0.05,0.05], %, = [0.1,0.1], %3 = [0.15,0.15], &4 = [-0.2, -0.2], &5 = [0.25,0.25].

According to the virtual control law X7, (3.36), adaptive law 6;; (3.37), 6;,, (3.70) and control
input &; (3.69) in Theorem 1, we chose control parameters as ¢;; = 3.5, ¢;» = 30, 0 = 02 = 1,
pi1 = piz2 = 80, 4;» = 0.05. To guarantee the state constraints are not violated, kb; = 0.3 is given.

In this simulation, Figures 2—7 display the simulation outcomes. Figure 2 describes the trajectories of
xj and x;;, verifying that each agent can track the optimal signal x]. Besides, x,;; and x,, act as virtual
leaders to achieve a bipartite containment effect. In Figure 3, we use x;; as an example via comparing
the true value and the estimated value. It can be seen that the designed observer performs well and
can approximately observe the unknown states. Figure 4 shows the trajectories of s;;, which clearly
demonstrates how the tracking error can rapidly approach zero by the designed controller. Together,
Figures 2 and 4 illustrate that there is a good distributed optimization consensus tracking effect and
the tracking error is within 0.05. Figure 5 displays the trajectories of x;,, the state in this paper is
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constrained. Figure 6 gives the trajectories of control input u;. Figure 7 shows that s;, are all in the
range of —0.3 to 0.3, satisfying |s;»| < kb;. From Figures 5 and 7, we can draw the conclusion that
based on the BLF, s;, and x;, can be limited successfully under the designed parameters. The state
constraints are not violated, and the tracking error can converge to the compact sets.

Remark 4. Compared to the simulation example in our previous work [37], under the unchanged initial
conditions and parameters, Figure 8 is the trajectory tracking graph of all agents, which confirms that
the agent outputs converge inside both the positive and negative convex hulls defined by the reference
leader signals. Based on this, the distributed optimization problem is considered in our paper. We
design a distributed optimization algorithm based on a penalty function. It can be clearly seen that the
control protocol proposed in this paper enables all agents to track the optimal solution. The controller
we designed can ensure that all agents have a good distributed optimization consensus tracking effect
for high-order nonlinear uncertain MASs.

-1 0 ‘

Figure 1. Communication graph in simulation.

Amplitude

time(s)

Figure 2. Tracking performance of x;; (i = 1,---,5).

Mathematical Biosciences and Engineering Volume 20, Issue 9, 17296-17323.



17314

Amplitude

time(s)

Figure 3. Trajectories of x;; (i = 1,---,5) estimation.

04

03[

02

0.1

P o e g

-—— P e —— e et — F

01F 04 'lfK‘
. \ e~
02 ,ﬂ\ ;23.3;;}5}.-:.

03} 01 l" -

Tracking errors
o
-

=)

041

0 0.2 0.4

-05

time(s)

Figure 4. The curves of error s;; (i = 1,---,5).
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Figure 5. Constraint trajectories of x;, (i = 1,---,5).
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Figure 6. Control input u;.
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Figure 8. Trajectories of x;; (i = 1,--- ,4) estimation in the previous work.
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4.2. Example 2

Given a single-link manipulator that includes motor dynamics [52], the dynamic equation of the
system is as follows:
Diq:i + Big; + N;sin qi = Ti 42)

Mt + Hiti = u; — Kig;

where ¢, , ¢ and § represent the link position, velocity and acceleration for the ith mechanical system.
7; is the torque produced by the electrical subsystem, respectively. D; = lkg - m? is the inertia,
B; = 1IN - m - s/rad represents the viscous friction coefficient at the joint and N; = 2 is a constant that is
related to the coeflicient of gravity and the mass of the load. M; = 1H denotes the armature inductance.
H; = 1Q represents armature resistance. K; = 2N - m/A signifies the back electromotive force coeflicient.

u; is the input signal. Letting x;; = ¢;, xi2» = ¢, X3 = T;, system (4.2) can be expressed as:

Xi1 = Xip
)'C,"z = Xi3— Nl' S x; 1 — B,'x,"z (43)
Xi3 = u; — Kixjp — Hix;3.

Consider the topology of Figure 1 including five agents, whose initial states are set as x;(0) =
[0.3,0.3,0.3], x»(0) = [0.15,0.15,0.15], x3(0) = [0.15,0.15,0.15], x4(0) = [-0.2,-0.2, -0.2], x5(0) =
[0.25,0.25,0.25]. Define x;; = 0.2 * sin (¢) + 0.2, x,» = 0.2 * sin () + 0.4 as the reference signals. The
optimal signal is x] = 0.2 * sin (r) + 0.3.

The local objective functions of agents are given as follows

1 =8.5x7 — (8xa1 + 9xpn) * Xy + dxgr” + 4.5x% + 1

2 =13.5x5 — (12x41 + 15x)%) + 6x01° + 7.5x° +2
3 =13x3 — (12x41 + 14x0)x3 + 6x5% + Txpn* + 1
f4=142x; + (14x3 + 14.4x0)x4 + Tx55" + 7.2x5° +2
£5=9.5x3 — 9xg1 + 10x)xs + 4.5x% + Sxpn” + 2.

According to the virtual control laws X;5 (3.36), X (3.48), adaptive laws 6;; (3.37), 6;, (3.49),
0;, (3.70) and control input u; (3.69) in Theorem 1, we chose control parameters as ¢;; = 3.5, ¢;» = 2,
ci3 =60,0, =02 =03 =1, pi1 =pir =80, pizs = 8 4ip = 4;3 = 0.01. To guarantee the state
constraints are not violated, kb, = 4 and kb, = 4 are given.

In this simulation, Figures 9-13 display the simulation outcomes. Figure 9 shows the trajectories of x,
and x; 1, each agent can track the optimal signal xz - Meanwhile, x4 and x,, act as virtual leaders to achieve
a bipartite containment effect. Figure 10 shows the trajectories of s;; which clearly demonstrates how
the tracking error can rapidly approach to near zero, proving that there is a good distributed optimization
consensus tracking effect and the tracking error is within 0.05. Figure 11 gives the trajectories of the
control input #;. The common barrier Lyapunov method mainly forms the error constraint, Figures 12
and 13 show that s,, and s;3 are all in the range of —4 to 4, respectively, which indicates that the BLF
can solve the state constraints problem of high-order nonlinear uncertain MASs well.
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According to the simulation results, the distributed optimization controller proposed in this research
can make agents converge to the optimal solution, which lies within the convex hull of the trajectories
of each virtual leader and their opposite trajectories. Meanwhile, the tracking error gradually converges
to a small range of the origin, which indicates the control performance is good. In addition, the barrier
Lyapunov method is generally used to impose constraints on errors. From step 2, the BLF-based control
scheme transforms the original state constraints into a new bound on the tracking error and achieves the
state constraints by constraining the error surfaces.

Amplitude

2 4 6 8 10 12 14
time(s)

Figure 9. Tracking performance of x;; (i = 1,---,5).
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TR Y N — et ——— J—
o of e e
% 7 il Ly == St
S .01F X 8.27996 g
= Y -0.043446
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03} .
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Figure 10. The curves of error s;; (i = 1,---,5).
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Figure 11. Control input u;.
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Figure 12. Constraint error s;,, (i = 1,---,5).
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Figure 13. Constraint error s;3 (i = 1,---,5).
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5. Conclusions

This paper researches the bipartite containment distributed optimization problem of high-order
MASSs with uncertain nonlinear functions. Combining the consensus condition of MASs with the
global objective function, we designed a penalty function, which is constructed by combining the
bipartite containment definition. By integrating RBFNN and DSC techniques, an adaptive backstepping
controller is proposed to avoid the complexity explosion and a distributed optimal consensus is accurately
achieved. In addition, introducing state constraints in the distributed optimization holds significant
practical importance in engineering applications. Besides, we will consider addressing the problem of
prescribed-time distributed optimization of high-order nonlinear stochastic MASs with disturbances.
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