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Abstract—This paper addresses the bearing-only formation
tracking control problem for a group of Quadrotors. We propose
a novel control strategy applicable to double-integrator agents,
enabling them to maintain a desired formation while tracking
leaders with time-varying trajectories, which are unknown for
followers. The approach relies on bearing-only measurements
and considers disturbances affecting the agents motion. A key
contribution is the design and stability analysis of a sliding
mode control law based on the Super-Twisting Algorithm (STA),
which enhances robustness against disturbances. A performance
comparison is presented between a baseline bearing-only con-
troller and the STA-based sliding mode controller, evaluated
using formation accuracy and disturbance rejection metrics.
Results demonstrate the superior robustness, adaptability, and
tracking precision of the proposed method. The effectiveness
of the proposed approach is shown through experiments in the
realistic simulator Gazebo.

Index Terms—Bearing-only formation control, Quadrotor sys-
tems, Sliding mode control, Multi-agent tracking.

I. INTRODUCTION

In recent decades, cooperative control in multi-agent sys-
tems has garnered significant interest due to its applications in
civilian and military domains [1]. Notable applications include
geometric pattern generation in controlled environments [2],
target localization and tracking [3], and mapping and explo-
ration tasks [4].

The fundamental objective of cooperative control is to de-
sign control laws that integrate individual agent dynamics with
interaction topologies to achieve collective objectives. Multi-
robot systems offer key advantages, such as fault tolerance,
scalability, and cost efficiency in complex tasks. The bearing
rigidity theory for formations and graphs has been developed
to determine whether a geometric pattern can be achieved
through directional constraints, known as bearings [5].

The bearing-based approach uses relative position measure-
ments to achieve the desired formation, defined by angular
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constraints [6], leveraging a key mathematical concept: the
orthogonal projection matrix. This method relies exclusively
on the direction of neighboring agents, without requiring exact
position or distance data, and can be applied to agents modeled
as single or double integrators, or unicycles [7]. Addition-
ally, it addresses practical challenges like formation tracking,
providing flexibility in uncertain and disturbed environments.
This approach facilitates navigation algorithms and tracking
techniques with reduced reliance on precise measurements,
making it particularly useful in dynamic environments, such
as urban areas or scenarios with variable speeds.

Supervising leader agents with unknown velocities adds
complexity, as followers must adjust their trajectories without
precise information about the leaders’ future movements. In
[8], a control strategy based solely on relative orientation
is proposed, eliminating the need for absolute distances and
assuming constant-velocity leaders sharing a local reference
frame. In [9], leader velocities vary over time, and the in-
clusion of a signum function in their control law introduces
discontinuities, leading to chattering-like behavior. While high
gain values are used to ensure convergence, in practice, this
may cause actuator failures due to oscillations, vibrations,
and mechanical stress from excessive current draw. Other
techniques, such as sliding mode control, have been applied to
multi-agent tracking problems, including integral sliding mode
[10] and classical sliding mode control, which guarantees
sliding surface convergence in bearing-based approaches [11].
An analysis of chattering in [12] demonstrates that the Super-
Twisting Algorithm (STA) significantly reduces this effect
while preserving the robustness of sliding mode techniques.

However, in uncontrolled environments, a critical challenge
is the lack of access to global positioning systems (e.g., GPS),
which limits knowledge of the agents’ absolute positions. To
address this problem, control strategies have been developed
that minimize reliance on sensing, allowing operation with
partial information, especially in scenarios involving unknown
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target tracking.
In this paper, a control scheme is proposed for trajectory

tracking of a formation of Quad-Rotors, adopting a predefined
geometric pattern. The methodology is based on Sliding Mode
Control techniques, using bearing-only measurements, which
enables robust trajectory tracking by controlling the desired
velocities for each Quad-Rotor. The effectiveness of the pro-
posed approach is validated through simulations conducted in
the Gazebo environment.

This document is organized as follows: Section II presents
the preliminaries and the problem statement; in Section III, the
robust control strategy and its stability analysis are described.
The experimental validation of this proposal in Gazebo is
detailed in Section IV. Finally, Section V presents the con-
clusions.

II. PRELIMINARIES

This section presents some background on graph theory, the
basics on rigidity theory, and defines the problem addressed.

Definition 1. [7]. An undirected graph G = {V, E} consists
of nodes V (agents) and edges E ⊆ V×V . For edge (i, j) ∈ E ,
agents measure relative bearings mutually. The neighborhood
Ni = {k ∈ V : (i, k) ∈ E}.

A formation (G,p) maps vertices to positions p ∈ Rn3×1.
For edge k = (i, j):

ek = eij = pj − pi, gk = gij =
ek
∥ek∥

(1)

with stacked vectors e = [eT1 , ...,e
T
k ]

T , g = [gT
1 , ..., g

T
k ]

T .

Definition 2. The bearing function FB : Rn3 → Rm3 for
formation (G,p) is:

FB(p) = [gT
1 , ..., g

T
k ]

T (2)

encoding relative bearing constraints between agents.

Definition 3. [13]. The bearing rigidity matrix RB(p) ∈
Rm×n3 is:

RB(p) =
∂FB(p)

∂p
(3)

with bearing rates ġk =
Pgk

∥ek∥ ėk, where Pgk = Id − gkg
T
k is

the orthogonal projection matrix. All the above concepts are
represented in Fig. 1.

eij

i

j ėij

Pgij ėij

gij

ġij =
Pgij

ėij

∥eij∥

Fig. 1. Geometric relationship between gij and eij . Source [7]

Definition 4. The incidence matrix H ∈ Rm×n of an oriented
graph satisfies:

e = (H⊗ Id)p, ė = H̄ṗ (4)

where ⊗ is the Kronecker product and H̄ ∈ Rm3×n3. For
connected graphs, rank(H) = n− 1 [14], where [H]ki = −1
if node i is the tail of edge j, [H]kj = 1 if node i is the head
of edge j, other elements are 0.

Consider a network (G,p) with no located nodes, the
bearing Laplacian matrix B ∈ Rn3×n3 is defined as [13]:

[B]ij =


03×3 i ̸= j, (i, j) /∈ E ,
−Pgij i ̸= j, (i, j) ∈ E ,∑
k∈Ni

Pgik i = j, i ∈ V.
(5)

In a network with nl leaders and nf = n − nl followers
the bearing Laplacian matrix can also be separated into the
following sub-matrices

B =

[
Bll Bfl

Blf Bff

]
(6)

where Bff ∈ Rnf3×nf3 shows the interactions between
followers.

A. Model

Consider a system composed of n Quad-Rotors in R3, where
nl are leaders and nf = n−nl are followers. The leaders have
the following mathematical model:

ṗi = vr, i ∈ {1, ..., nl} (7)

where pi ∈ R3 is the i-th position of the leader agent in the
global frame and vr ∈ R3 is the velocity reference.

The remaining nf Quad-Rotors have a double integrator
dynamic, described by the following equation:

ṗi = vi

v̇i = ui +∆i

(8)

with i = 1, 2, ..., n = 1, n where, Here, pi = [xi yi zi]
T ∈

R3 represents the position, with xi, yi ∈ R as horizontal coor-
dinates and zi ∈ R as vertical position. vi = [ẋi ẏi żi]

T ∈ R3

is the velocity and ui the control input to be designed. The
term ∆i = [dxi

dyi
dzi ]

T ∈ R3 denotes disturbances, such as
unmodeled dynamics and wind gusts.

B. Problem Statement

The n agents consist of nl leaders, which move with a time-
varying velocity vr(t), and nf followers. The objective for
the followers is to achieve a desired position p∗(t) such that
p(t) → p∗(t) as t → ∞. This desired position depends on the
current bearings gij(t) with respect to desired bearings g∗

ij .
Let (G,p∗) be the desired target formation in R3 which

satisfies the following constraints:
1) Bearings: gij = g∗

ij , ∀(i, j) ∈ E
2) Velocity: vi(t) = vr(t)

Leader’s velocity is unknown for followers.



The following assumptions are introduced to facilitate the
resolution of the problem statement.

Assumption 1. The disturbances are uniformly bounded and
Lipschitz continuous. That is, dxi ∈ LDxi

, dyi ∈ LDyi
, dzi ∈

LDzi
, ḋxi

∈ LD̄xi
, ḋyi

∈ LD̄yi
, ḋzi ∈ LD̄zi

, dϕi
∈ LDϕi

, with
positive constants Dxi

, Dyi
, Dzi , D̄xi

, D̄yi
, D̄zi .

Assumption 2. The target formation (G,p∗) is infinitesimally
bearing rigid in R3, and the number of leaders satisfies nl ≥ 2
[15], where nl agents are leaders and the rest nf = n − nl

agents are the followers.

Assumption 3. Each agent can measure the bearing vector
gk(t) of its neighbors, but no absolute position nor velocity
measurements are available.

The following lemma is introduced in the case of leader-
follower formation.

Lemma 1 (Unique target formation [5], [7]). The target con-
figuration (G,p∗) can be uniquely determined by the bearings
g∗
k and the states of the fixed leaders positions p∗

i if and only
if the matrix Bff appearing in (6) is non-singular.

III. ROBUST BEARING-ONLY FORMATION CONTROL

In this section, the design of the proposed motion coordi-
nation control strategy for a team of quad-rotors is addressed,
where a robust strategy based on continuous sliding-mode
control (STA) is presented.

The proposed formation control design considers a group
of n Quad-Rotors. The dynamics of each Quad-Rotor, which
are inherently nonlinear and supposed to be perturbed can be
approximated by a double integrator model [16], [17]. This
simplification might be obtained through linearization around a
hovering equilibrium including a gravity compensation, where
the position and yaw angle behave as a set of independent
double integrators, described by:

ṗ(t) = v(t),

v̇(t) = u(t) +∆(t),
(9)

where p ∈ Rn3 is the stacked position vector of all agents,
v̇ ∈ Rn3 represents the stacked velocity vector, u ∈ Rn3 is
the control input to be designed, and ∆(t) ∈ Rn3 denotes an
unknown bounded perturbation.

The objective is to design a robust control input u that
ensures finite-time convergence of the sliding variable to zero,
stabilizes the system trajectories, and achieves the desired
formation under the influence of perturbations.

A. Control Design

Let g ∈ Rm3 and g∗ ∈ Rm3 be the stacked vectors of actual
and desired bearings, respectively, and H̄T the incidence
matrix. The formation error dynamics are defined as:

e = H̄T (g − g∗),

ε = ė = H̄T ġ = H̄T diag(Pg)H̄ṗ.
(10)

Differentiating Equation (10) yields:

ė = ε,

ε̇ = H̄T diag(Pg)H̄v̇.
(11)

Substituting v̇ from Equation (9) leads to:

ė = ε,

ε̇ = M(u+∆),
(12)

where M = H̄T diag(Pg)H̄. The aim is to design the control
u that guarantees convergence and rejects disturbances. To
achieve zero in the dynamics the control input in the form of
a super-twisting controller is considered to obtain the desired
behavior, this is e = 0, then ė = ε = 0. u = u(s) is selected
with the super-twisting algorithm.

To provide a comparative analysis of the proposed con-
troller’s performance against a commonly used approach in the
literature, we first briefly introduce the Proportional-Derivative
(PD) Controller.

B. Baseline Proportional-Derivative Controller (PD) [5]

A bearing-only Proportional-Derivative Controller (PD) is
defined as:

uj = kj0ej + kj1εj (13)

where kj0, kj1 > 0 are control gains and j = x, y, z.

C. Bearing-only Super-Twisting Algorithm (STA)

The Super-Twisting Algorithm (STA) is defined as:

sj = εj + kj0ej ,

uj = νj − kj1⌈sj⌋
1
2 ,

ν̇ = −kj2⌈sj⌋0,
(14)

where ⌈s⌋p = |s|p sign (s), kj0, kj1, kj2 > 0 are control
gains and j = x, y, z, and a guide for selection of gains is
presented in [18].

Assumption 4. The control laws presented in (14) act on the
high-level controller of each quad-rotor. It is assumed that the
low-level controller of each agent ensures convergence to zero.

Assumption 5. During formation evolution, no collisions
occur between neighboring agents.

Remark 1. The control inputs uk are robust against bounded
and Lipschitz continuous disturbances. Additionally, these sig-
nals are continuous and the chattering problem is attenuated.

The following theorem is presented to establish the con-
vergence of the system (12) under the assumptions that the
desired formation is infinitesimally bearing rigid.

Theorem 1. Consider the multi-agent system (9), the forma-
tion errors e, ε defined in (10) and the error dynamics (12).
The control law (14) guarantees that e → 0 and ε → 0 as
t → ∞, which yields that g → g∗ and consequently p → p∗

and v → v∗.

Proof: We first prove the finite-time convergence of the error
dynamics to the sliding surface s = 0. Consider the time



derivative of sk (given in (14); for this general case, sk = s).
Substituting (11), we obtain:

ṡ = ε̇+ k0ė,

= M(u+∆) + k0Mṗ,

= Mu+∆1 + k0Mṗ,

(15)

where M = H̄T diag(Pg)H̄ ∈ Rn3×n3 and ∆1 = M∆.
Consider the Lyapunov function:

V =
1

2
sTs. (16)

Taking its time derivative and substituting the previous expres-
sions yields V̇ = sT ṡ < 0, and s ̸= 0, then

V̇ = sT (k0Mṗ+Mu+∆1)

= sTMu+ sT∆2

(17)

where ∆2 = k0Mṗ+∆1. The term Mṗ can be treated as a
disturbance under Assumption 3. Substituting the control input
u(s) from (14), we get:

sT ṡ = sTM

(
−k1⌈s⌋

1
2 −

∫ t

0

k2⌈s⌋0 dτ
)
+ sT∆2. (18)

Under Assumption 1, ∆2 is bounded, i.e., |∆2| ≤ D. To
ensure V̇ ≤ 0, we substitute (18) into V̇ :

V̇ = sTM

(
−k1⌈s⌋

1
2 −

∫ t

0

k2⌈s⌋0 dτ
)
+ sT∆2,

= −k1|sT ||M||s|1/2 − |sT |
(
|M|

∫ t

0

k2 dτ −D

)
,

≤ −k1|sT ||M||s|1/2,
≤ 0.

(19)

Since V̇ < 0 for s ̸= 0, is negative definite and global
asymptotic stability of the system can be guaranteed.

Now, let us prove that the convergence to the sliding surface
is reached in finite-time and given that s = ε + kl0e. From
the candidate Lyapunov function V = sTs = ∥s∥ =

√
2V ,

we have

V̇ ≤ −k1|sT ||M||s|1/2

≤ −k1|M||s|3/2

≤ −k1|M|(2V )3/4

V̇ ≤ −αV θ

(20)

where α = k1|M|23/4 and θ = 3/4. If the Lyapunov function
satisfies the above differential equation for some α > 0 and
0 < θ < 1, the system converges to the sliding surface in a
settling time T expressed as follows

T (s0) ≤
V (s0)

1−θ

α(1− θ)
. (21)

Once the convergence to the sliding surface s = 0 is
guaranteed and given the definition of the surface, we have
k0e+ ε = 0. As ε = ė, therefore

ė = −k0e. (22)

The above expression represents a line in the phase plane
(e, ė) that crosses zero and its slope depends on the constant
k0. The solution of this equation is:

e(t) = e(0)e−k0t. (23)

This means that once the error dynamics (12) has reached
the sliding surface s = 0, both formation errors e, ε converge
to zero exponentially with k0 > 0 and the initial condition
(e(0)) of the agents can be arbitrary in the three-dimensional
space.

As the proposed sliding variable is defined in terms of
bearing errors, convergence of the sliding variable s → 0
implies that g → g∗; given the assumptions that the desired
bearing formation (G,p∗) is infinitesimally bearing rigid and
there is no collisions between agents, as a direct consequence
v → v∗ and p → p∗ and there exist sufficient leaders to
ensure a unique target formation according to Assumption 2
and Lemma 1. ■

IV. EXPERIMENTAL RESULTS

To validate the proposed controller, we tested its perfor-
mance on a simulated swarm of ten Parrot Bebop 2 Quad-
Rotors, the first two of them are considered leaders, and the
remaining eight are followers. The simulation environment
was developed using ROS Rolling and Gazebo Ionic on
Ubuntu 24.10. This setup allowed us to create a realistic
and controllable environment for evaluating the controller’s
effectiveness. The initial conditions of the agents are:

R1 = [ 1.0, 1.0, 5.0]⊤, R6 = [−0.1, 1.2, 5.0]⊤,
R2 = [−1.0, 1.0, 5.0]⊤, R7 = [−1.52,−0.7, 5.0]⊤,
R3 = [−2.52,−0.7, 5.0]⊤, R8 = [ 0.5,−1.88, 5.0]⊤,
R4 = [ 2.1,−1.88, 5.0]⊤, R9 = [ 1.72,−0.7, 5.0]⊤,
R5 = [ 2.72,−0.7, 5.0]⊤, R10 = [ 1.8, 1.2, 5.0]⊤.

The leader Quad-Rotors velocity are given by: For all t:

v1 = v2 =

 0.03 + 0.075 sin(0.05t)
0.075 cos(0.05t) + 0.075 sin(2t)

0.048

 .

Except:
20 < t ≤ 24:

v1 =

0.018 + 0.012 cos
(
π t−20

2

)
+ 0.075 sin(0.05t)

0.075 cos(0.05t) + 0.075 sin(2t)
0.048


50 < t ≤ 54:

v1 =

0.06− 0.03 cos
(
π t−50

2

)
+ 0.075 sin(0.05t)

0.075 cos(0.05t) + 0.075 sin(2t)
0.048

 .

The desired formation, shown in Figure 2, is defined by the
relative positions of each robot, denoted as R∗

i ∈ R3. These
base positions are:

R∗
1 = [ 1.0, 1.0, 3.0]⊤, R∗

6 = [−1.0, 1.0, 1.0]⊤,
R∗

2 = [−1.0, 1.0, 3.0]⊤, R∗
7 = [−1.62,−0.9, 1.0]⊤,

R∗
3 = [−1.62,−0.9, 3.0]⊤, R∗

8 = [ 0.0,−2.08, 1.0]⊤,
R∗

4 = [ 0.0,−2.08, 3.0]⊤, R∗
9 = [ 1.62,−0.9, 1.0]⊤,

R∗
5 = [ 1.62,−0.9, 3.0]⊤, R∗

10 = [ 1.0, 1.0, 1.0]⊤.



The desired bearing vector from robot i to robot j, denoted
as g∗

ij , is calculated from these desired positions:

gij,d =
pj,desired − pi,desired

∥pj,desired − pi,desired∥
. (24)

This calculation is performed for all distinct pairs of robots
(i, j) where i ̸= j. The interaction topology and communica-
tion links among the robots within the formation, shown in
Figure 2, are defined by the adjacency matrix A.

2
13

4 5

6
7

8 9

10

Fig. 2. Communication topology.

For an undirected graph, Aij = Aji = 1 if robots i and j
are connected, and 0 otherwise, and this is the formation we
expect to maintain with the group of agents.

A =



0 0 0 1 1 1 0 0 1 0
0 0 1 1 0 0 1 0 1 0
0 1 0 1 0 0 0 1 0 0
1 1 1 0 1 0 0 0 0 0
1 0 0 1 0 0 0 0 0 1
1 0 0 0 0 0 1 1 0 1
0 1 0 0 0 1 0 1 0 1
0 0 1 0 0 1 1 0 1 0
1 1 0 0 0 0 0 1 0 1
0 0 0 0 1 1 1 0 1 0


.

The selected gains for each controller are detailed in Table
I. Figures 4 and 5 show the trajectory tracking behavior of
the ten agents, and Figure 6 shows the behavior of the control
signals of the agents.

TABLE I
STA AND PD CONTROLLER GAINS

Controller Axis k0 k1 k2
STA (14) x, y 0.15 0.9 0.0015

z 0.8 1.0 0.0012
PD (13) x, y 5.12 8.7 -

z 4.12 7.7 -

The bearing error of the agents is evaluated by the metric
defined in (25), and its evolution over time is depicted in
Figure 3

em =

√∑
(i,j)∈V(e

2
x,i,j + e2y,i,j + e2x,i,j))

3nf
. (25)

To evaluate the performance of the proposed controller
and demonstrate its effectiveness, we compared it against an
existing Proportional-Derivative (PD) controller presented in
[7], a scheme validated for bearing-only formation tracking of
second order agents.

Time [s]
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Error (STA)

Error (PD)

Initial Conditions Discarded

Fig. 3. Bearing Error Comparative.

The average bearing error (in RMS) of the agents was cal-
culated for each controller. Additionally, the minimum, mean,
and maximum RMS performance indices were considered for
each controller. The best results are highlighted in bold in
Table II. Data from an initial time t0 = 15 [s] and a final
time tf = 100 [s] were considered to prevent the indices from
being affected by the initial conditions of the Quad-Rotors.

An experiment similar to the one presented in this section
can be seen in the following video: https://youtu.be/pix3
PgBlzo

TABLE II
GLOBAL RMS PERFORMANCE COMPARISON

Controller Minimum Median Maximum
STA Global RMS 0.0014 0.0036 0.0070
PD Global RMS 0.0040 0.0081 0.0316

Fig. 4. Trajectories in 3D with a zoom in the final part.

https://youtu.be/pix3_PgBlzo
https://youtu.be/pix3_PgBlzo


Fig. 5. Trajectories with respect to time.

Fig. 6. Control inputs with respect to time.

V. CONCLUSIONS

In this work, we designed and validated a robust control
strategy for a group of Quad-Rotors using a Continuous Slid-
ing Mode control law (Super-Twisting Algorithm). To achieve
this, two leaders with variable speeds and eight follower agents
were employed, allowing for the effective evaluation of this

control strategy in the formation and tracking of the Quad-
Rotors. It was observed that the proposed Super-Twisting Al-
gorithm (STA) controller showed better performance compared
to the conventional control strategy (PD), which demonstrated
the effectiveness of the proposed controller. As future work,
we plan to implement the proposed approach using real
Quad-Rotors, relying on estimation of bearings from visual
information provided by cameras onboard the agents.
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