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Abstract

This paper investigates the distributed multi-target rotating encirclement formation problem of strict-feedback multi-
agent systems using the targets’ bearing angles and the agents’ known positions, where all agents are forced to achieve
even circular formation around the targets' geometric center. Firstly, an estimator is proposed for each agent to local-
ize the neighbor targets. Secondly, based on the trajectory planning method, a reference trajectory is constructed by
three estimators, which are used to obtain the targets' geometric center, the reference rotating radius and angular.
Then, the proposed adaptive neural dynamic surface control law forces each agent to move along the reference tra-
jectory, which satisfies the multi-target rotating encirclement formation conditions.

Keywords: Strict-feedback multi-agent systems, rotating encirclement control, target localization, trajectory plan-

ning, trajectory tracking

1. Introduction

Recent years the rotating encirclement formation prob-
lem of multi-agent systems have attracted considerable
attention due to its significant potential applications in
both military and civilian areas such as surveillance,
search-and-rescue, reconnaissance, etc'. Many interest-
ing results have been achieved for the rotating formation
or surrounding/encirclement control problem'”’.

As one of the most important high-order systems, the
strict-feedback system can be used to model a variety of
physical systems including robotic manipulators, vessel,
unmanned aerial vehicle and so on®. And recent years
have witnessed the emergence of researches with respect
to the strict-feedback single/multi-agent system®!!. How-
ever, there is no research to date on the rotating encircle-
ment control of high-order multi-agent system.

* Corresponding author.

Motivated by above discussion, for the first time, we
consider the multi-target rotating encirclement formation
problem of strict-feedback multi-agent systems, and only
bearing measurements of targets can be obtained. To this
end, we divide the problem into three subproblems: target
localization, trajectory planning and trajectory tracking.
Four estimators are designed to construct a reference tra-
jectory for each agent, and an adaptive neural dynamic
surface control law is proposed to make the agent move
along the desired trajectory.

2. Preliminaries and Problem Statement

2.1. Graph Theory

Let G(V,E, A, B) be a weighted undirected graph corre-
sponding to n agents and m targets, where V =
{v1,v5,+,y, 1, -+, S} denotes the set of vertexes, €
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V x V denotes the set of edges, A = [a;;] € R™*™ denotes
the weighted adjacency matrix of targets, B = [by] €
R™™denotes the weighted adjacency matrix from targets
to agents. Let d(v;, v;) denote the shortest distance from
the vertex v; to v;, for instance, d(v;, v;) = 1if (v;,v;) €
€. The neighbor agents set of the agent v; is denoted by
N; = {vj € V|(v;,v;) € £} and the neighbor targets set of
the agent v; is denoted by N, = {s; € V|(v;,s) € E}.
The neighbor agents set of the target s, is denoted by
N} = (v; € V|(v;,5,) € E}. And let | - | denote the number
of elements in the set -.

2.2. Problem Statement

Consider a multi-agent system consisting of n agents (In-
dex set 7 ={1,2,---,n}) and m stationary targets (Index
set T ={1,2,~-,m}) with bearing-only measurements,
where the dynamic of agent v; is in the following g;-or-
der strict-feedback form.

i = fij (%) + xija

Xig, = fig (%iq) + wi 1

Vi = Xi1
where %;; = [xl-Tl,n-,xiTj]T, and %;q,, ¥;, u; € R? represent the
states, output and control input of agent v;, respectively.
fij(%;;) is an unknown continuous nonlinear function.

The objective of this note is to design the distributed

control scheme using bearing-only measurements of tar-
gets and the neighbor position information of agents,
such that strict-feedback agents are capable of achieving
the multi-target rotating encirclement formation, which
is properly formulated by Definition 1 using the polar co-
ordinate transformation using the polar coordinate trans-
formation y; = ¥ + [I;cos(8;), l;sin(8)]7.
Definition 1. The multi-agent system is said to achieve
the multi-target rotating encirclement formation if

lim [zi — Amax||r, —f||] —0 @)
t— e keT

. 2m(i—j) _
lim 6 -6, - L) =0 3)
lim[§;, —w] =0 4)
toeo

Where i,j € 7, 1, and 7(t) = 1/m Y ;er 1, denote the posi-
tion of the k-th target and the geometric center of all tar-
gets respectively. The design parameter 1 > 1 determines
the radius of the desired rotation formation. And w is the
desired angular velocity.

To facilitate the later control design and analysis, we
make some reasonable assumptions.

Assumption 1. A/l agents are connected in some undi-
rected communication topologies and each target con-
nectes to at least one agent via the directed edge.
Assumption 2. The radius of the desired rotation for-
mation is bounded, i.e., there exists a positive constant d*
satisfying maxyer||r, — 7|l < d*.

Assumption 3. The desired angular velocity w and an-
gular acceleration & are continuous and bounded, i.e.,
there exists positive constants w* and w} such that
loll < 0% llo|l < wg.

3. Control Design

In this section we present in detail the distributed multi-
target rotating encirclement control scheme, which in-
cludes three parts: target localization, trajectory planning
and trajectory tracking.

3.1. Target Localization

To estimate the neighbor target’s position of agent v;
with bearing-only measurements, the following estimator
is proposed according to Ref. 7.

fire = aue(l = Q@) (xix = ) (5)
Where k € N7, ay is a positive design parameter, and
@ 1s the unit vector from x; to 7, i.e., @y = (1 —

x)/|lme — x|

3.2. Trajectory Planning

For each agent v;, to plan a reference trajectory satisfying
the Definition 1, we design the following distributed es-
timators to obtain the estimations p;, I; and 8; of the de-
sired geometric center 7, polar radius [; and polar angle
0;, respectively.

Dix = Bi Xjen, aijpjx — vk

+Bibirc[Fix — Pir] 6)

pi = iﬂcnﬂ Pik

pin = VilmaxkeMT(”fik =il — P

Piz = Yiemaxjey, yay(lpjal) — piz

: (7
pim = YiumaXjen, ugy (ljm-111) — pim
li = Apim G
A ~ ~ 2m(j—i
0; = 0; Xjen, Qik [91‘ -0, — +] +w )

Where B;,v;1,+,Yim, 6; are positive design parameters,
and M = max; je;{d(i,j)}, which can be chosen as M =
n — 1 if it is not prior information.

Then, with the polar coordinate transformation, the ref-
erence trajectory of agent v; is provided as follows.
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9; = p; + [licos(8;), I;sin(8;)] 9
3.3. Trajectory Tracking

Similar to the backstepping-based DSC design procedure,
we define dynamic surface errors as follows.
Zin = Xip — Vi
{Zij = xij — ij (10)
Where #;;(t) is the first-order filter estimation of the vir-
tual controller n;;(t) with the time constant 7;; > 0 and
the filter error is denoted by 7j;; = 7;; — 1;;.
Ty + fij = Mij,1(0) = 1;;(0) (11)
Then, we will present the following virtual and actual
controllers and adaptive law such that each agent moves
along its desired reference trajectory.

T
TIL-]- = =Kz — WijSij((L-j)

T (12)
U = —KigZig, — Wiqisiqi@iqi)
Wi = =T oWy — Si;(Sij) 2] (13)

Where I;; = I[} > 0 is an adaptive gain matrix, W;; and
S$;({ij) represent the estimation of the optimal weight
matrix W;; and the basis function vector respectively.
And x;;, 0;; are positive design parameters.

4. Main Results

With the proposed control scheme in Section 3, we can

easily obtain the following reasonable results.

Lemma 1. Consider the estimator (5) under Assump-

tions 1-2. Then for any i € 1,k € T, the estimation posi-

tion #y, will asymptotically converge to the actual posi-

tion 1y of the k-th target.

Proof. The proof is similar to Theorem 3.1 in Ref. 7. O
Then, we define the estimation of the targets’ geomet-

ric center as follows.

~ 1
'r:

;2?:1 Zke]\/[ @fik (14)
Apparently, 7 will asymptotically converge to the ac-
tual geometric center 7.
Lemma 2. Consider the estimator (6) under Assump-
tions 1-2. For any i € J, the estimation position p; will as-
ymptotically converge to 7.
Proof. The proof is similar to Lemma 4 in Ref. 5.. O
Then, combining lemma 1 with lemma 2, we can con-
clude that the estimation position p; of the i-th agent will
asymptotically converge to the actual geometric center 7.
Lemma 3. Consider the estimator (7) under Assump-
tions 1-2. For any i € J, the following equation holds.

tim [ I~ Amaies e (17~ pilD] =0 (15)

t— oo
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In other words, the estimation 1; of the polar radius will

asymptotically converge to the above value.

Proof. The proof is similar to Lemma 5 in Ref. 5. O
Furthermore, with Lemma 1 and Lemma 2, it is easy

to see that lim[ I; — Amax,er(|Iry — 7I)] = 0, which im-

plies that ; Safisfies the condition 2).

Lemma 4. Consider the estimator (8) under Assump-

tions 1-3. For any i,j € I, the following equations hold.

lim [9; - ; - 2] = 0 (16)

t— o n

lim [éi—w] =0 (17)

ts o
In other words, the estimation 8; of the polar angle sat-
isfies conditions (3) and (4).

Proof. The proof is similar to Lemma 6 in Ref. 5. O

Thus, from the polar coordinate transformation of (9),
we can easily conclude that the reference trajectory 9;
satisfies conditions of the multi-target rotating encircle-
ment formation in Definition 1.

Then, we will carry on the stability analysis of the pro-
posed control scheme (12) and (13), which drives the out-
put y; of the agent v; to the reference trajectory 9;. Since
the neural network is capable of approaching any contin-
ual nonlinear function with free precision (See Lemma 2
in Ref. 8 for details), we make the following reasonable
approximation.

bir = WiiSin (i) + €:1(Gin)
= fu (%) — }A’i
bi; = Wi Sy (Giy) + €5 (i)
= fij (%) + Tij /1) + Zij-a
Where ||&;;(;)|| < &, € is an arbitrarily small constant
and denote W;; = W;; — W;.

Choose a common Lyapunov function candidate as
Vi = %Z?i:l[zz:rjzij +r(WiT, W)l + %Z?iz i3yfij. Thus, by
calculating the time derivative of V;, we have

V= 2?‘;1 25 [=kijzi; + W3S (Gi) + €5 ()]
+ 0L, 2l fli; + XL, tr (Wgrijwij) (19)

(18)

+ 2;”:2 ﬁ;‘rjﬁij
The dynamic of the filter error 7j;; can be written as
£ 7ij - = =
iy = —;]I,‘Fﬂij(zijﬂ?ij' Wij—l'Yi) (20)

Where we denote z;; = [ziTl_...,ziTj]T, fiij = [ﬁ;rzﬁlT, T’
77 7Y, 11T ~T AT XT1T
Wij = (Wi, W] and Y; = [9{,57, 5] .

Therefore, substituting the adaptive law (13) and (20)
into (19), we obtain
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;i T a T
Vi = = XL w2z — XL, 26 (Gj)
qi ﬁl]ﬁl]

+Z]-L_10ijtr( J) Z] 2 T (21)

+Z] 2 l.} 17]l1 +2j;2nijnij
According to Assumption 2 and 3, we know that the
desired rotating radius, angular velocity and angular ac-
celeration are bounded. Then ¥;, #; and 3, are bounded,
e., there exists a positive constant ¥;" such that &; =
Nl + ||9:]l + [|7]| < ¥73. In addition, we denote that
I; = {(z‘iqi,ﬁiql ,q1)|Vl < 2u;}, where y; is a positive
constant. Then, it is not hard to see that Z; and I; are com-
pact sets. Thus, there exists a positive constant r;; satis-
fying [|m;; )| < ;.
Moreover, with Young’s inequality®, we have
7€ (Gy) < (55}2/291'1)”%”2 +0ij/2
a(WWy) < ~/2|Wyll; + /2wyl

; (22)
Zjj_17ij < (1/2)||sz—1|| + (1/2)||77ij||
. X 2 ~ 112
fymy < (" /204) 7| ” + Ai;/2
Make the following names
* 2
1 1 EU Eig;
€ij = Kij =37 2 -, Elg, = Kig, ~ 5
oy’ Tt L 204,
i 23
2 _%y 3 1 _1_m @)
Eij 2 gy~ Tij 2 24;j
Then, V; can be rewritten as
Vi < —cioV; + ¢ (24)
Where
Cip = mln{ZEU,ZEU,ZEU}
25)
a4 Qi qi ”LJHWUH ij (
Ci1 = j:17}+zj F+2] 27

Theorem 1. Consider the multl—agent system (1) in the
strict-feedback form with stationary multi-targets. Sup-
pose that Assumptions 1-3 hold. For any bounded initial
condition Vi(0) < y;, if we choose design parameters sat-
isfy cio > 0, then all agents will achieve the multi-target
rotating encirclement formation with the proposed con-
trol scheme in Control Design.
Proof. By integrating both ends, it is obvious that the so-
lution of (24) satisfies the following inequality.

vi < [vi(0) - ii] et 4 2 (26)

Then, with Lemma 1 in Ref. 8, we know that the track-
ing error z;; is bounded, and the upper bound is associ-
ated with ¢;; /c;o. By reasonably selecting design param-
eters, z;; can be sufficiently reduced to 0.

Combining with Lemma 1,2,3 and 4, we can easily
conclude that our proposed control scheme will drive all
agents achieve the multi-target rotating encirclement for-
mation. O

5. Conclusion

The collective multi-target rotating encirclement for-
mation problem of strict-feedback multi-agent systems is
investigated by dividing into three subproblems. Our pro-
posed control scheme can solve this problem well.
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