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that some agents are repellant from the target while attractive to its unique neighbor and some agents are
attractive to the target while repellant from its neighbor. A systematic procedure is developed to design

the control parameters according to the specific radii of the orbits and the formations that the agents are
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desired to converge to. Moreover, this control scheme uses a minimum number of information flow links
between the agents and local measurements of relative position only. Based on the block diagonalization
of circulant matrices by a Fourier transform, asymptotic convergence properties are analyzed rigorously.
The validity of the proposed control algorithm is also demonstrated through numerical simulations.
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1. Introduction

The circumnavigation problem, in which the task is to cir-
cumnavigate a target of interest by one agent or a network of
autonomous agents, has many applications in security and surveil-
lance (Shames, Dasgupta, Fidan, & Anderson, 2012), satellite for-
mation flying (Milam, Petit, & Murray, 2001), source seeking
(Moore & Canudas-de Wit, 2010), etc. In a space mission, a for-
mation made up of numerous micro satellites is desired to orbit
around a large satellite for the tasks of monitoring, maintenance
and repairing, in which the fundamental issue is the autonomous
formation by the micro satellites and also the relative orbit forma-
tion of these micro satellites with respect to the large satellite. In
a security and surveillance mission, it is often required to have a
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single or a group of agents to circle around a target or an area of in-
terest for monitoring or gathering information. Depending on dif-
ferent applications, there may be different control specifications,
but in general there is a fundamental requirement of achieving cir-
cular formations on specific orbits around a target of interest.
Many circumnavigation algorithms have been studied recently
in the literature for a single agent. For holonomic agents, a
continuous-time nonlinear periodically time-varying algorithm
is developed in Deghat, Shames, Anderson, and Yu (2010) and
Shames et al. (2012), which adaptively estimates the position of
the target and moves the agent to a trajectory encircling it based
on the distance or bearing measurement to the target. The bearing-
based circumnavigation algorithm is also extended to the unicycle-
like agent in Deghat et al. (2012). Moreover, for the unicycle-like
agent, a range-only strategy is presented in Matveev, Teimoori, and
Savkin (2011) using a sliding mode approach. The study of circum-
navigation by a team of autonomous agents has also attracted a lot
of attention recently. Compared with the single-agent case, besides
circumnavigating around the target on a specific orbit, the agents
should also achieve an optimal configuration surrounding the tar-
get through group coordination, e.g., to uniform the spacing next to
each other. A big challenge here is how to achieve coordination in a
distributed way. Some of the early works in this line include (Yam-
aguchi, 1999) where a group of holonomic mobile agents are used.
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A cyclic pursuit-based strategy is proposed in Kim and Sugie (2007)
which achieves uniform circumnavigation by decoupling the target
tracking and inter-agent coordination tasks. Moving-target enclos-
ing strategy is proposed in Guo, Yan, and Lin (2010) by Guo et al. For
nonholonomic agents, Ceccarelli et al. present a switching control
scheme to drive a group of unicycle-type vehicles to achieve circu-
lar motions around a static target in Ceccarelli, Di Marco, Garulli,
and Giannitrapani (2008). However, this control law does not re-
sult in an even spacing formation, which is achieved in Lan, Yan,
and Lin (2010) by using a hybrid control strategy. Moreover, there
are also a lot of works on circular formations (Chen & Zhang, 2011;
Marshall, Broucke, & Francis, 2004, 2006; Sinha & Ghose, 2007). Al-
though in these works the orbit center depends on the agents’ ini-
tial states rather than the target, the ideas developed are still very
helpful in dealing with the circumnavigation problem if the agents
also interact with the target.

However, most aforementioned works assume that the goal is
to achieve a circular formation on the same orbit for all the agents.
But in many applications such as satellite formation flying, the mi-
cro satellites may need to stay on different orbits to form a large
aperture; In the target enclosing problem, the agents may need to
stay on different orbits to perform different missions, for example,
the inner agents surveil the target while the outer agents protect
the inner ones against possible attacks. In this paper, we study the
general circumnavigation problem with provable stability proper-
ties for desired circular formations in which autonomous agents
can circle on different orbits around the target. A new distributed
control strategy is proposed, which combines attraction/repulsion
from its pursuing agent as well as the target of interest. The strat-
egy was originally developed in Zheng, Lin, Fu, and Sun (2013) to
achieve uniform distribution on the same orbit when circling about
a specific target. But in order to solve the coordinated circumnavi-
gation problem on different orbits, this paper generalizes the idea
by considering non-identical control laws for the agents. That is,
under the proposed control strategy, some agents may be repellant
from the target while attractive to the pursuing agent, and some
agents may be attractive to the target while repellant from the
pursuing agent. We then show how the control parameters are de-
signed in a systematic way according to the specific radii of the or-
bits and the formations that the agents are desired to converge to.
Moreover, we show that among all equilibrium formations achiev-
ing uniform circumnavigation, only two of them are asymptotically
stable, corresponding to the clockwise or counterclockwise mo-
tions around the target. The stability analysis technique is based on
the block diagonalization of circulant matrices by a Fourier trans-
form. Simulations are also given to demonstrate the effectiveness
of the proposed distributed control strategy to achieve coordinated
circumnavigation formation.

The work is a generalization of cyclic pursuit strategies stud-
ied in Marshall et al. (2004), Zheng, Lin, and Yan (2009) and cyclic
repelling strategies studied in Zheng et al. (2013) so that the com-
bination of attraction and repulsion can be used to realize general
uniform circumnavigation around a target of interest on different
orbits. Moreover, different from the distributed circumnavigation
control laws for multiple unicycles developed in Ceccarelli et al.
(2008) and Lan et al. (2010) that are switching over time, the con-
trol law in this paper is time-invariant and continuous. In addition,
it uses only local information of relative positions and is simple
and easily implementable, which is important from the engineer-
ing standpoint.

2. Problem formulation
Consider a team of N autonomous unicycle-like agents mov-

ing in the plane R? and suppose in the plane there is a point-like
stationary target or beacon 7. Our objective is to make all agents

asymptotically converge to a formation while navigating on con-
centric orbits centered at the target. The task should be carried out
based on locally available information which can be obtained by in-
dividual agents through onboard sensors, e.g., an omnidirectional
camera.

Denote N = {1,2,...,N}. The kinematic model of the

unicycle-like agent is described as follows subject to nonholo-
nomic constraints. For each agenti € N,
)'(,' = U,‘COS@i, é,' = wj, (1)
where (x;, y;) is the Cartesian coordinate of the ith agent in the
world frame and 6; gives the orientation of agent i, also in the world
frame. The longitudinal velocity v; and angular velocity w; are the
control inputs which we need to design.

To accomplish the mission, we make the following assump-
tions:

(1) The agents interact each other forming a directed ring with
minimum information exchange. That is, agent i detects agent
(i mod N) + 1 in its local frame. Throughout the paper,
modulo N operation is used to identify agents, i.e., agent N + i
is the same as agent i.

(2) The global posture information (x;, y;, 6;) is unavailable. The
difference of orientations 6; — 6; is also unavailable. Each agent
i can only measure the relative position l‘z(;l) of the target and
the relative position pﬁ) of agent i + 1 in its own local frame.

(3) Each agent i knows the predefined radius r; of its circular orbit
and the one for its neighbor r; 1, obtained for example, through
local communication.

yi = v;sin6;,

Remark 1. For simplicity, in the following analysis, it is assumed
that the target can be detected by all the agents all the time. This as-
sumption, however, can be relaxed in practice. For example, when
an agent cannot detect the target, it can just pursue its neighbor-
ing agent. If some of the agents detect the target, then eventually
all the agents can be steered to the vicinity of the target. In that
case, it is reasonable to assume that all the agents can detect the
target simultaneously.

Denote by (xp, y») the coordinate of the target in the world
frame. The relationship between the relative measurements in lo-
cal frames and the global coordinate in the world frame is given as

(@ Xp — Xi @ Xip1 — X
= R(6; , = R(6; ,
Ko @) |:.Vb _Yi] #i = RE) [J’i+1 - yz}

where R(6) = [fzfne'éi 5323’,] is the rotation matrix. We define

Vi = atan2(Yir1 — Vb, Xip1 — Xp) — atan2(y; — yp, X; — Xp) and
also let ¥; € [0, 2m).?

Now we are ready to give the formal problem statement for the
uniform circumnavigation problem studied in the paper.

The uniform circumnavigation problem For given radii ry, 15,
..., I, design a local control law of v; and w; for each agent i with
model (1) such that
(1) lime oo [ (ki i) — (g, yp)ll =13, i=1,...,N,

(2) im0 1 = -+ - = iMoo 0y = @,

(3) llm[%w vl/ﬁ = : llmt*)oo UN/TN = 1_),
(4) lim;_, o 1,[/1 = =lim o wN = lﬂ.
where v and @ are some constants and ¢ = ZdT” for some d €

(1,2,...,N—1}.

Remark 2. In the uniform circumnavigation problem, formations
are not unique to satisfy the specifications. In general, there are
N — 1 possible formations because ¥ can be any value 2% for d €
{1,..., N —1}.SeeFig. 1 for an example of all possible four forma-
tions of five agents.

3 The function atan2(y, x) represents a two-argument arctangent function
returning the angle of point (x, y) as a numeric value in [0, 27).
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