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Abstract— This paper proposes an observer-based forma-
tion tracking control approach for multi-vehicle systems with
second-order motion dynamics, assuming that vehicles’ relative
or global position and velocity measurements are unavailable.
It is assumed that all vehicles are equipped with sensors
capable of sensing the bearings relative to neighboring vehicles
and only one leader vehicle has access to its global position.
Each vehicle estimates its absolute position and velocity using
relative bearing measurements and the estimates of neighboring
vehicles received over a communication network. A distributed
observer-based controller is designed, relying only on bearing
and acceleration measurements. This work further explores the
concept of the Bearing Persistently Exciting (BPE) formation
by proposing new algorithms for bearing-based localization
and state estimation of second-order systems in centralized
and decentralized manners. It also examines conditions on
the desired formation to guarantee the exponential stability
of distributed observer-based formation tracking controllers.
In support of our theoretical results, some simulation results
are presented to illustrate the performance of the proposed
observers as well as the observer-based tracking controllers.

[. INTRODUCTION

Multi-vehicle systems are in demand to accomplish mis-
sions in different challenging scenarios, such as infrastructure
inspection, surveillance, precision agriculture, exploration
of deep waters, land, and space, etc. [1]. During these
coordination tasks, a multi-vehicle system must always be
able to localize the position, estimate the velocity, and track
desired trajectories in a decentralized fashion.

Early works include localization based on Global Nav-
igation Satellite Systems (GNSS). Due to the unreliability
of GNSS in indoor and congested environments, dedicated
onboard local sensors such as cameras are preferred to fulfill
high precision requirements, which are passive, lightweight,
and power efficient. Vehicles equipped with onboard cameras
can measure their neighboring vehicles’ relative bearing
(direction) measures if they are in the cameras’ field of view
[2]. Since bearing measurements are robust to noise and can
be easily measured by cameras, bearing-based localization
and control problems have become a popular research topic
in recent years.

Early work on bearing-based localization [3], [4] relies
on the bearing rigidity theory (also termed parallel rigidity
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[5]1), which explores the conditions on graph topology of
a multi-agent system that ensures the unique formation’s
configuration up to a scaling and a translational factor us-
ing constant inter-agent bearing measurements. More recent
works present generalized bearing-based localization solu-
tions that involve time-varying bearing measurements. The
authors in [6] propose the concept of Bearing Persistently
Exciting (BPE) formation, which explores the uniqueness
of the formation’s configuration up only to a translational
factor under a much-relaxed graph topology than bearing
rigid formation, provided that a set of inter-agent bearings
with the formation are persistently exciting (PE). However,
existing works in the literature focus only on localization [3],
[7], that is, only on estimating the positions of each agent
in the multi-vehicle systems. For multi-agent coordination
involving fast vehicle dynamics (e.g., vehicles with second-
order systems), the velocity of each vehicle also needs to
be estimated. To the best of our knowledge, the bearing-
based localization and velocity estimation problem for multi-
agent systems with second-order agent motion dynamics still
remains an open problem.

Motivated by the above open problems, this paper pro-
poses an observer-based formation tracking control approach
for second-order n(> 2)-vehicle systems defined in d(>
2)-dimensional space. It is assumed that all vehicles are
equipped with sensors capable of sensing their bearing
relative to neighboring vehicles and that at least one leader
vehicle has access to its global position. With the help of
proposed optimal state observers, each vehicle estimates its
absolute position and velocity using relative bearing mea-
surements and the position estimates of neighboring vehicles.
Both centralized and decentralized position and velocity
observers are designed for the multi-vehicle system. The
centralized observers are first proposed using a centralized
Riccati gain. For the more efficient decentralized observers, a
cascaded structure is adopted in the design: i) the first level is
the design of individual Riccati observers to estimate relative
position and velocity between neighboring vehicles whose
inter-agent bearings are PE; ii) then the distributed observers
for the n-agent systems is achieved using a Luenberger-
type observer. We prove that estimation error is globally
exponentially stable under both centralized and decentralized
observers, provided the current formation is BPE. Finally,
we propose an observer-based controller relying solely on
vehicles’ estimated positions and velocities and prove the
local exponential stability of the decentralized observer-
based tracking controller, provided that the desired formation
is BPE.
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The body of the paper consists of seven sections. Section
IT provides preliminary knowledge about graph theory, the
persistency of excitation, and bearing rigidity and bearing
persistently exciting formation. Section III formulates the
problem of this paper. Section IV proposes the designs
for bearing-based localization and velocity estimation with
stability analysis. Section V presents the integrated observer-
based formation tracking controller together with stability
analysis. Simulation results are presented in Section VI. The
paper concludes with some final comments in Section VIIL.

II. PRELIMINARIES

We denote by St = {y € R? : |y| = 1} the
(d — 1)-Sphere (d > 2) and ||.| the Euclidean norm. The
matrix’s null space and rank are denoted by null(.) and
rank(.), respectively. The set of symmetric positive-definite
matrices of dimension d x d is denoted S, (d). The matrix
I, represents the identity matrix of dimension d x d and
1, = [1,...,1]7 € R" the column vector of ones. The
operator ® denotes the Kronecker product and diag(4;) =
blkdiag{ A, ..., A,} € R"¥*"d the block diagonal matrix
with elements given by A; € R%*? fori = 1,...,n. For any
y € 891, we define the projection operator Ty

Ty =T —yy' >0,
which projects any vector x € R¢ to the plane orthogonal to
Y.
A. Persistence of excitation

The following definition and persistence of excitation
properties are borrowed from [8].

Definition 1: A positive semi-definite matrix function X :
R>o — R™*", satisfies persistently exciting (PE) condition
if there exists 7' > 0 and p > 0 such that for all t > 0

1 [T
T/ X(r)dr > ul. (D
t

Definition 2: A direction y(t) € S?, is called persistently
exciting (PE) if the matrix function ;) satisfied the PE
condition in Definition 1.

Lemma 1: Let Q := Y'_, m,.. Then the matrix Q satis-
fies the PE condition in Definition 1, if one of the following
conditions is satisfied:

1) there is at least one of the directions y; that is PE,

2) there are at least two direction y;(t) and y;(¢), ¢,j €
{1,2,...,1}, i # j that are persistently non-colinear,
that is there exists 7' > 0 and p > 0 such that for all
020, 4 f7 (1= Jyi(r) Ty (7))dr > g

B. Graph Theory

The interaction topology of a m-agent system can be
modeled as an undirected graph G := (V, &), where V =
{1,...,n} (n > 2) is the set of vertices and £ C V x V is
the set of undirected edges. Two vertices ¢ and j are called
adjacent (or neighbors) when (7, j) € £. The set of neighbors
of agent 7 is denoted by NV; := {j € V|(i,j) € £}.If j € N,
it follows that 7 € /\/'j, since the edge set in an undirected

graph consists of unordered vertex pairs. m = || denotes
the cardinality of the set £. The graph Laplacian matrix is
defined as

L:=H"H, with H=H®I,; ()

where H is the incidence matrix and null(L) = span(U)
with U = 1 ® I4. If the graph is connected, one has
rank(L) = rank(H) = dn — d.

C. Bearing Rigidity and Bearing Persistently Exciting For-
mation

Consider a group of n agents, where the position of
each agent 4,7 € {1,...,n}, expressed in an inertial frame
common is denoted as p; € R? Assume the interaction
topology between the group of agents is an undirected
graph G, then the graph G together with the configuration
p = [p{,...,p,]" € R define formation G(p) in the d-
dimensional space.

Define the relative position vectors

Pij =Dpj — i, (4,7) €E (3)

and if ||p;;|| # O, the bearing measurement of agent j relative
to agent ¢ is given by the unit vector

9i; = pij/|pis |l € S4 4)

We call a group of agents ’bearing formation’, if each
agent ¢ can sense the relative bearings g;; to its neighboring
agents j € N;. To analyze the localizability of a bearing
formation, existing works in the literature have introduced
the concept of the bearing Laplacian matrix which is defined
as

Lp := H'IIH, with I = diag(n,). 5)
where
groi= 25 e gdl ke {1,2,...,m}
(Al
and

,m}, (6)

denote the edge vector with assigned direction under an
arbitrary orientation of the graph, such that 7 and j are,
respectively, the initial and the terminal nodes of pj. Since
span{U,p} C null(Lp(p)), it follows that rank(Lp) <
dn —d—1.

Existing works mainly focus on estimating the formation’s
position configuration using relative bearing measurements
between neighboring agents and each agent’s velocity input
measures. In these works (e.g., [3], [6]), each agent is typi-
cally modeled as a single-integrator system. The definitions
used for bearing-based localization problems are recalled
below.

A formation is called Infinitesimal Bearing Rigid (IBR)
if its position configuration can be uniquely determined
using constant bearing measurements up to a translation
and a scaling factor. In this situation, one has rank(Lg) =
dn —d — 1 and null(Lp(p)) = span{U, p} for each fixed
configuration p.

Dk = Pij, k€{1,27...
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Fig. 1. Eamples of BPE formations in two (al-b3) and three-dimensional
space (c1-d3). Red lines represent edges for which the corresponding bearing
vectors are PE, and blue lines represent edges for which the corresponding
bearing vectors are not necessarily PE.

In contrast to IBR formation, BPE formation is a time-
varying bearing formation introduced first in [6]. If a for-
mation is BPE, its position configuration can be uniquely
determined up to a translational factor using relative bearing
measurements and each agent’s velocity input. The definition
of BPE formation under a fixed graph topology is recalled
as follows:

Definition 3: A formation G(p) is called BPE if G is
connected and the bearing Laplacian matrix is persistently
exciting (PE), i.e., there exists 7' > 0, u > 0 such that V¢ > 0

1 t+T 1 - T t+T _

T Lp(p(r))dr = ?H H(p(r))drH > puL. (7)

Note that the above PE condition for the bearing Laplacian
is less restrictive than the PE condition from Definition 1.
In particular, having a matrix, II, that is PE is sufficient but
not necessary to ensure (7).

It is useful to remember that the concept of BPE formation
implies that some inter-agent bearings are time-varying (and
PE). The next Lemma provides a condition on the number
of PE bearings that is necessary for having a BPE formation
when (n — 1) < m < m, that is, the number of edges m is
below the minimal number m of edges required to have a
IBR formation.

Lemma 2: Consider a BPE formation G(p(t)) defined in
R? with n agents and m edges, where (n — 1) < m < m,
then the number of PE bearing vectors inside the formation,
mpg, satisfies mpg > d(n —1) — (d — 1)m.

The proof of this Lemma can be found in [9] and the
graphical examples are shown in Fig. 1.

III. PROBLEM FORMULATION
Consider a group of n vehicles with the double integrator
motion dynamics model
Di = v;

’l.)i = U4, 1= ]., N

®)

where p; € R? and v; € R? are the position and velocity,
respectively, of the ith vehicle expressed in a common iner-
tial frame. u; € R? denotes as the acceleration control input.

These vehicles are required to move in a formation in a d-
dimensional space under the following standing hypothesis.

Assumption 1: At least one agent ¢ € {1,...,n} in the
formation can measure its own position p; and velocity v;.
Such an agent is referred to as the leader.

The global positioning information is not available for
follower agents. However, relative bearing measurements are
obtained through onboard sensors. More precisely, if the
ith vehicle that “sees” the neighbor agent j € N, it can
measure the relative bearing g;;. Then, it is assumed that a
bidirectional interconnection exists between adjacent nodes,
as described below.

Assumption 2: The topology of the group is described by
a graph topology G defined in Subsection II-B. Each agent
i € V can measure the relative bearing vectors g;; to its
neighbors j € AV; in a common inertial frame. Besides, each
agent can transmit its state estimates to its neighbor agents
through communication.

Then, the bearing-based localization and formation track-
ing control problem is posed as follows. By assigning one
leader in the formation, 1) design localization algorithms
using acceleration input of each agent and the inter-agent
bearings to estimate the agents’ positions and velocities
and 2) design distributed feedback controllers using the
estimated positions and velocities as feedback information
to asymptotically track any feasible desired formation.

IV. BEARING-BASED LOCALIZATION AND VELOCITY
ESTIMATION

By assigning one leader in the formation knowing its
own position, we propose centralized and decentralized lo-
calization algorithms to estimate the position and velocity
of each follower using only the bearings and acceleration
input of each agent. Without loss of generality, we consider
a formation in which agent 1 is the leader, the unique agent
in the formation that measures its own position p;. The other
(follower) agents can measure only relative bearings to their
neighboring agents.

Assumption 3: For all agents ¢ € V and V¢, the velocities
v;(t) and positions p;(t), and acceleration input wu, are
bounded, the resulting relative bearing measurements g;;(t)
are well-defined and the formation G(p(t)) is BPE.

Using the above description along with (8), one describes
the systems dynamics as follows:

Pl _ 4P . [p
eafom vcl] o
where v = [v;r,...,v;';]'l' and u = [UI7~-~»UI]T, A =
Odn  Iin . Oan _
|:Odn 0dn:|’ B = [Idn:| and € = [LB(p)+Cl 0] €

RIn*2dn with Cy = diag(Ig, 04, .. .,04).
Note that when there is no leader (C; = 0,,4), the output

y becomes an implicit output; that is y = C 5 ] = 0 due

to the fact of Ly(p)p = 0. Let p; € R? and 9; € R? denote
the estimate of p; and v;, respectively.
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Theorem 1 (Centralized state estimation): Consider the
n-agent system G(p(t)) defined by (9). Deﬁne stacked

position and velocity estimates as p = [p{,Pg ..., D]
and & = [0],09,...,0,]" along with the following

dynamics:

S

[ ]:AE] +Bu+K(y—C[€D (10)

with K(t) = kM()CTQ € R2¥"xdn 1 > 2 and M(t)

solution of the following Continous Riccati Equation (CRE):
M=AM+MAT-MCTQCM+S, M(0) = Iz,q (11)

Q@ € S, (dn) and S € S, (2dn) are positive definite matrices.
Then, if Assumptions 1-3 are fulfilled, the origin of the
estimation error § = (5;, )T =((p-p T, (0—v))T
is globally exponentially stable.

Proof: Consider the following candidate Lyapunov

function:
L(8,t):= 8 M~(t)d.
From (9)-(10) along with (11), one deduces that:
L=-6"(2x-1)CTQC+ M~ 'SM™1)s,

is negative definite as long as M is positive definite and
well-conditioned. That is, there exist two positive numbers
Dm» and pyy, such that p,, Ig < M(t) < pprlng. Since A is
a real nilpotent matrix, one concludes that all its eigenvalues
are zero. Using the fact that C = [LB(p) + C4 Odn] €
Rinx2dn — ([ p(p) + Cl)é’, with ¢ = [Idn Odn] one
deduces that the pair (A,C) is Kalman observable. This
implies, using Lemma 5 (see the Appendix), that the equilib-
rium & = 0 is uniformly observable if Lp(p)+C is satisfies
the PE condition in Definition 1. From there, one deduces
that the Riccati solution (11) is well conditioned, and hence,
one concludes that £ converges exponentially to zero.

|

A. Decentralized localization and velocity estimation

We propose a cascade structure to design an efficient
decentralized observer. The first level focuses on designing
decentralized observers for relative positions and velocities
associated with the mpp persistently exciting bearings by
deriving mpg reduced Riccati observers of dimension 2d +
d(2d + 1) states each'. The second level is a decentral-
ized Luenberger-type observer of dimension 2dn, achieved
afterward. This structure brings simplicity and robustness;
the computational load is more manageable (linear on n);
and finally, any bearing formation with a large number of
agents can be quickly processed compared to the centralized
structure that requires 2dn + dn(2dn + 1) states in total.

Let S. be the set containing all PE inter-agent bearing
measurements. For each relative variables (py, Uy ) associated
to PE bearing g € S, one has:

Uk

12d for the relative state (pr,¥z) and d(2d + 1) for the associated
symmetric Riccati matrix Mj,.

with 7, = ﬁk = v — v, U = U = Uy

[gj éfl:| N Bk = |:(;Z::| and Ck = Tgy [Id Od].
The first step of the proposed observer focuses only on
the relative dynamics.
Lemma 3: Consider the relative dynamics (12) associated
with a PE bearing g € S.. Then, the following relative state

observer:
Dk
Uy,

with K, = HkMkC];er € R2dxd, K > %, M;g(t) solution
to the Continuous Riccati Equation (CRE)

7Uj, Ak =

13)

= A |:]3k:| + Brup — K Cy, [sz]
Vg Vg

My, = ApMy, + MyAl — MCl QpCr My, + Sy,  (14)

and Qx € Sy(d) and Vi € Sy (2d), globally ‘exponentially

stabilizes the estimation error 6 = (_;0;c — Py Uk — vg) to 0.
Proof:  Analogously to the proof Theorem 1, one

considers the following candidate Lyapunov function,

L5, =6, M ' ()65 (15)

with
Ls, == 6L ((2kx — 1)C} QuCr + M ' Sp M )by, (16)

The remaining part of the proof is similar to the proof of
Theorem 1. It is omitted here for conciseness. ]

For the second step, we define the pseudo-’bearing
Laplacian matrix’ Lp = H'XH by setting ¥ =
diag(o1,...,0m), with o = I, if the bearing g is PE
and o), = 75, otherwise, Vk € {1,...,m}.

Lemma 4: If G(p) is BPE according to Definition 3,
and the set of non-PE bearings is empty or composed of
constant bearing, then the pseudo-bearing Laplacian matrix
Lp verifies that there exists 7> 0, 11 > 0 such that V¢ > 0

B 1 t+T t+T
Lp > T / Lp(p(r))dr = *H /
Jt

Moreover, L + C; is an invertible constant matrix.

Proof: Since Id > oy, it is straightforward to verify
that Lg > Lp = H H( YH. From there and using the fact
that Lp is constant, one gets (17). Now, since Lp > pL,
rank(L) = dn—d, rank(Cy) = d, and ker(C}) is uniformly
non-colinear to ker(L) (resp. ker(Lp)), one ensures that
Lp+Cyis invertible |

VdrH > ulL.
A7)

Define P =[p{,Dg - \Dp,-- ,ﬁm]T (respectively v =
(07,09 ..., 00 ,...,0,]T) where pj (respectively vy) is

obtained from the integration of (13)-(14) if g, is PE and
(Pr, Vy) is set to zero ((py, vx) = (0,0)) otherwise.
Theorem 2: Consider a n-agent system G(p(t)) defined
in R?. Under assumptions 1-3 along with the statement of
Lemma 3 and 4, and the following distributed observer:

S(p— Hp)+ Ci(p—p))
(18)

[?}:AH+Bu+A(

v
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Koy Idn

with A = [ ] and k,, and K,, positive gains, the origin

Ko Idn
of the estim;tion error (6p,0,) is globally exponentially
stable.

Proof: To show the distributed nature of the proposed
estimator (18), it is straightforward to verify that, for each
agent, one has:

pi =i+ ko, Y i (Bij — (Bi — Dy))
JEN;

b = wi+ ko, Y, 03 (Pij — (b — py)) i € V/{1}
JEN;

(19)
and:

P1 =01+ Ko, Z o1j (Pij — (b1 — p;3)) — (b1 — p1)
JEN1
01 = U1 + Ko, Z o1 (pij — (Pr — Ps)) — (P1 — p1)
JEN:
(20
Note that p;; # p; —p;. It denotes the estimate of edge vector

Dij = Py defined by (6) using (12)-(14) if the associated
bearing is PE (p;; = 0 if the bearing g;; is not PE).

Using (9) and (18) along with the fact that
Tg,Pij = 0 and hence H'Sp = H'SHp with
D=1[p{,Dg - D, D], One has

§=A6—A ((EB 4015, — HTiés)
= (A—AC)6 + AHTSCS 1)

with 6 = (SJ,EI)T =(p-p)T,(v-v)")T,C=(Lp+
Cl)é, and é = [Idn 0dn]~
Since the error § = 0 is exponentially stable (from Lemma
3), one gets the following nominal dynamics:
d=(A-AC)é (22)
Using the fact that the system (A, C) is Kalman observable
and (Lp+C1) is invertible, one concludes that (A4, C) is also
Kalman observable. Since (22) represents the dynamics of a
second-order block-based system, then for any gain A with
positive entries (ko, , Ko, ), there exist two constant positive
definite matrices Ps and Qs € S (2nd) such that:

doro o o
dt(s Psd = -6 Qs6.

From there, one concludes that § = 0 is also globally
exponentially stable.
|
Remark 1: In the particular case when all the bearings are
constant, Theorem 2 still holds, provided that the measures
of relative positions are used instead of the estimated ones.
Theorem 2 directly encompasses IBR formations involving
two adjacent leaders knowing their positions. It also applies
to an IBR formation with non-adjacent leaders by adequately
adjusting the expression of Cf.

V. OBSERVER-BASED CONTROL

This section is devoted to a distributed control design for
the formation tracking problem. Although feedback informa-
tion can be obtained from the centralized or decentralized
cascaded observer, our primary focus will be on the decen-
tralized cascaded observer-based controller.

Assumption 4: The desired accelerations of each agent
u;(t)* is uniformly continuous and bounded such that the
desired v} (t) := p*(¢t) and desired position p(t) (i € V)
are bounded, the resulting desired bearings g;;(t) are well-
defined and the desired formation G(p*(t)) is BPE.

Proposition 1: Consider a n-agent system G (p(t)) defined
in R%. Assume that Assumptions 1, 2 and 4 are satisfied.
Then under the decentralized cascaded observer (13), (19),
(20), the following controller

—v7) +uj (23)

Uj = —HKp, (]51 - p:) — R, (ﬁz

ensures that the actual formation G(p(t)) is BPE and the
tracking error (p—p*, v—v*) is locally exponentially stable.
Proof: The proof of this paper can be found in [10]. B
Remark 2: Note that the local exponential stability is the
only conclusion drawn from the distributed observer-based
tracking controller, as nothing prevents the relative position
pr. from crossing zero at certain instances, thereby resulting
in an ill-defined gy.

VI. SIMULATION RESULTS

f1é. I

Fig. 2. Evolution of the estimation error (Jy,d,) under the centralized
observer with measurement noises. Gains are chosen as: x = 10, M (0) =
10124n, Q@ = 1014y, S = 0.01124p

This section provides simulation results to illustrate the
effectiveness of the proposed observers and distributed
observer-based formation tracking controller. All simu-
lated bearing measurements g;7 are deviated from their
actual value g;; by random noise by defining g7 =
%m, where w € R? is a random vector drawn
from the standard normal distribution.

We consider a 4-agent system under the undirected interac-
1 -1 0 0
01 -1 0
00 1 -1
1 0 0 -1
For both centralized and decentralized observers, the po-

sitions of agents are chosen as p; = [r + §sin(t/f),r +

tion topology with the incidence matrix H =
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Fig. 3. Evolution of the estimation error (dp,d,) under the decen-
tralized observer with measurement noises. Gains are chosen as: Kk =
10, My(0) = 10I2q, Qx = 1014, Sk = 0.01124, ko1 = 15, Koz =

35.
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Fig. 4. Evolution of the estimation and control errors (8p,d+), (D, D).

Gains for the decentralized observer are the same as in Fig. 3. Gains for
controller: ky, =5 and kp, = 2.

5sin(t/f),0], p2 = [0,7,0], p3 = [0,0,0], psy = [r,0,0]
where r = 2\/5, f= % In this formation, the bearings
g14 and g2 are PE and ¢34 and go3 are constant. Initial
conditions are chosen the same for both observers: p1(0) =
[07170}7 ]32(0) = [2’07 1]a ﬁB(O) = [Oa _171]aﬁ4(0) =
[07070}3 {)1(0) = [07070}7 02(0) = [170,0]7 733(0) =
[1,—1,0],94(0) = [0,1,0]. Fig. 2 and 3 show the evolution
of the estimation error (d,,9d,) under the centralized and
decentralized observers, respectively.

For the distributed observer-based controller, the de-
sired formation is chosen as pj = [r + Zsin(t/f),r +
%sin(t/f),O], Py = [O’T’ 0]7 p3 = [07070]7 Py = [T’an]'
The initial position and velocity vectors are: p;(0) =
[1,0,0], p2(0) = [-1,1,1], p3(0) = [0,1,0],ps(0) =
[0,0,0], v1(0) = [0,0,1], va(0) = [1,—1,~1], v3(0) =
[1,0,1],v4(0) = [0,0,0]. The initial conditions of the state
estimation were chosen in the same way as the previous ob-
servers. The effectiveness of the observer-based controller’s
performance is shown in Fig. 4.

VII. CONCLUSION

This paper proposes an observer-based formation tracking
control approach for multi-vehicle systems with second-order
motion dynamics. It assumes that all vehicles can sense the
bearings relative to neighboring vehicles and that only the

leader can access its global position. By exploring Riccati
gain and properties of BPE formation, both centralized and
decentralized position and velocity observers are designed
for the multi-vehicle system. Global exponential stability of
the origin of the estimation error is guaranteed under both
centralized and decentralized observers, provided the current
formation is BPE. Finally, we propose an observer-based
controller relying solely on vehicles’ estimated positions and
velocities and prove the local exponential stability of the dis-
tributed observer-based tracking controller, provided that the
desired formation is BPE. Simulation results are presented
to illustrate the performance of the proposed observers and
the observer-based tracking controllers.

APPENDIX

Lemma 5 ([11]): Consider the following generic linear
time-varying (LTV) system

t=A{)x+ Bt)u, y=C(t)x (24)

If
1) C(t) = II(t)C with C a constant matrix,
2) A is constant and such that the pair (A, C) is Kalman
observable,
3) all eigenvalues of A are real,
4) TI(t)IIT(¢) is persistently exciting according to (1)
then the system (24) is uniformly observable
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