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Abstract— This paper presents a decentralized real time
implementation of a leader-follower multiagent coordination
strategy for quadrotors. The distance from the leader to the
followers is specified by a set of interagent distances. Each
agent maintains its desired position by means of a distributed
trajectory generator in conjunction with local robust nonlinear
controllers. The decentralized real time implementation is based
on the Giotto model for embedded systems. The performance
of the leader-follower coordination strategy is verified experi-
mentally using two quadrotors.

I. INTRODUCTION

For missions such as monitoring, surveillance, search,
rescue, and cooperative transportation; fault tolerance and ef-
ficiency are attractive characteristics of employing multiagent
systems, instead of a single complicated system. However,
the success of such missions depends on the adequate coor-
dination of the multiagent system. Multiagent coordination
has been addressed mainly from three different frameworks:
leader-following, behavioral, and virtual structures [7]. The
resulting coordination strategies have been implemented us-
ing centralized or decentralized configurations depending
on the hardware availability and the circumstances of the
mission. It is commonly accepted that the decentralized
implementation has more potentiality for real applications,
although the complexity increases considerably.

In the last years the problem of coordinating multiagent
systems has been a very active field of research, thus many
interesting results have been obtained [17], [9], [18], [25]. In
the literature, experimental work of multiagent coordination
strategies has been performed with mobile robots, fixed wing
aircrafts, helicopters, satellites, and lately with quadrotors.

Quadrotors are promising aerial vehicles for diverse ap-
plications due to their mechanical simplicity and capability
for indoor as well as outdoor operation. Many solutions for
the control problems of regulation, trajectory tracking and
path following for the quadrotor have been proposed in the
literature. For instance, feedback linearization control [1],
[5], Lyapunov based output feedback [16], backstepping [12],
[8], [11], nested saturations [4], [21], sliding mode control
[24] and a non-linear H∞ control [19] and path following
[15].

Some solutions for coordination of multiagent systems
composed of quadrotors have been also proposed. For in-

H. Rodrı́guez-Cortés and Juan A. Vargas-Jacob are with the Centro de
Investigación y de Estudios Avanzados del Instituto Politécnico Nacional,
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stance in [23] a centralized configuration of a multiagent
aggressive formation flight strategy is presented. The effects
of time delays in the network and communication failures
on the multiagent performance are evaluated. Experimental
work supports the performance of the proposed coordination
strategy. In [6] a leader following coordination strategy is
presented. The implementation combines a sliding mode con-
troller for the translational dynamics in conjunction with a
proportional derivative controller for the rotational dynamics.
Experimental results using a virtual leader are presented.
Using the notions of graph rigidity and persistence as well
as techniques of virtual target tracking and smooth switching
a multiagent formation strategy is proposed in [3]. The
proposed formations strategies are applied to multiagent
systems composed of quadrotors as well as fixed wing
aircraft. Numerical simulations are proposed to illustrate the
performance of their multiagent formations strategies.

This paper presents a decentralized real time implemen-
tation of a leader-follower coordination scheme with two
aerial vehicles powered by four rotors. The distance from
the leader to the followers is specified by a set of intera-
gent distances. Each agent maintains its desired position by
means of a distributed trajectory generator in conjunction
with local robust nonlinear controllers. The decentralized
real time implementation is based on the Giotto model for
embedded systems. The performance of the leader-follower
coordination strategy is verified experimentally using two
quadrotors. It is important to underscore that we consider
for coordination only the spatial position of the quadrotor,
we assume that the yaw angle is commanded by the local
controllers to be at zero.

The rest of this paper is organized as follows. In Section
2 a brief glance of the quadrotor mathematical model is
presented. Section 3 presents the developments related to
the coordination strategy. Section 4 is devoted to the real
time decentralized implementation of the leader-follower
coordination scheme. In Section 5 a series of experimental
results are presented. Finally, in Section 6 some concluding
remarks are presented.

II. THE QUADROTOR

A. Model of the quadrotor agents

The quadrotor vehicle is powered by four rotors attached
to a cross shaped mechanical structure. This configuration
provides full actuation to the rotational dynamics, how-
ever the translational dynamics remains under actuated. The
quadrotor dynamic model can be described like a rigid body
moving in the space. Defining 0xeyeze the right-hand inertial
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Fig. 1. Quadrotor helicopter

frame with ze pointing downwards into the earth and xe
pointing to the East, and 0xbybzb the right-hand frame fixed
to the center of mass of the aircraft structure (body frame)
with xb and yb pointing in the direction of the structure’
arms, see Figure 1.

The agent dynamics expressed in mixed inertial and body
coordinates is described by

mi Ẍi =

⎡
⎣ −TTi (cψisθicφi + sψisφi)

−TTi (sψisθicφi − cψisφi)
mi g − TTi cθi cφi

⎤
⎦+ δTi

Φ̇i = W−1
i Ωi

Ji Ω̇i = −Ωi × Ji Ωi +

⎡
⎣ (T3i − T1i) �

(T2i − T4i) �
QTi

⎤
⎦+ δΩi

(1)
where

TTi = T1i + T2i + T3i + T4i
QTi = Q1i −Q2i +Q3i −Q4i

W−1
i =

⎡
⎢⎣

1 tθisφi tθicφi
0 cφi −sφi
0

sφi
cθi

cφi
cθi

⎤
⎥⎦ (2)

Moreover, mi is the agent mass, Ji is the agent inertia
matrix, Xi =

[
xi yi zi

]�
is the position of the agent’s

center of gravity, Φi =
[
φi θi ψi

]�
is the agent’s

attitude, parameterized by Euler angles (roll, pitch, yaw),
Ωi =

[
pi qi ri

]�
is the angular velocity of the body

frame, Tji and Qji , j = 1, 2, 3, 4 are the thrust and the
reactive moment of the rotor j, � is the distance between the
agent’s center of gravity and the axis of rotation of the rotor
j, δTi =

[
δxi δyi δzi

]�
and δΩi =

[
δpi δqi δri

]�
are

bounded constant disturbances. Finally, i = l, s1, s2, · · · , sw
for one leader and w followers.

III. QUADROTORS FORMATION

The main objective of formation control for multiagent
systems is the design of an algorithm capable of driving
each agent to a desired position with respect to the other

agents and capable of maintaining such a position when
the multiagent system performs a defined task. It will be
possible to design such algorithm if the agents are able to
exchange information concerning their position and velocity.
The information exchange between agents can be modeled
with weighted directed graph [20]. Since in this paper we are
considering a very simple structure for information exchange,
we are not using weighted directed graphs.

We consider a multiagent system of w + 1 quadrotors.
The coordination objective will be stated under the following
assumptions
A1 Each quadrotor in the multiagent system knows the

position and velocity of its center of gravity, this is,
Xi, Ẋi, i = l, s1, · · · sw are measurable.

A2 The follower si broadcast its position only to the
follower si+1 for i = 1, · · · , w−1. The leader broadcast
its position only to the follower s1.

A3 Only the leader knows the desired trajectory as well as
the desired velocity and acceleration.

A4 The distance between follower si and follower si+1 is
specified by the constant vector αsi,si+1

, i = 1, · · ·w−
1. The distance between the leader and the first follower
is specified by the vector αl,s1 . See Figure 2.

Fig. 2. Leader-Follower scheme

Now, we establish the control objective as follows.
Control objective Under assumptions A1-A4 design a

control strategy such that the following holds

limt→∞(Xs1 −Xl − αl,s1) = 0

limt→∞(Xsi+1
−Xsi − αsi,si+1

) = 0
(3)

for i = 1, · · · , w − 1.
In order to address the stated control objective the forma-

tion errors are defined as follows: the leader tracking errors
are

e1l = Xl −Xd

e2l = Ẋl − Ẋd

while the followers formation errors are defined as

e1s1 = Xs1 −Xl − αl,s1
e2s1 = Ẋs1 − Ẋl
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for the first follower, and

e1si = Xsi −Xsi−1
− αsi,si−1

e2si = Ẋsi − Ẋsi−1
, i = 2, · · · , w − 1

for the rest of the followers. The control objective is equiva-
lent to the objective of driving the formation errors to zero.
To drive those errors to zero we use local robust nonlinear
controllers for each quadrotor.

A. Local robust nonlinear controllers

The local controller for each agent is the robust nonlinear
controller proposed in [14]. For the formation leader, its local
nonlinear robust controller is implemented exactly as in [14].
For the followers the error dynamics take the following form

ė1si = e2si

ė2si = 1
msi

⎡
⎣ −TTsi

(
cψsi sθsi cφsi + sψsi sφsi

)
−TTsi

(
sψsi sθsi cφsi − cψsi sφsi

)
msi g − TTsi cθsi cφsi

⎤
⎦

− 1
msi−1

⎡
⎢⎢⎣

−TTsi−1

(
cψsi−1

sθsi−1
cφsi−1

+ sψsi−1
sφsi−1

)
−TTsi−1

(
sψsi−1

sθsi−1
cφsi−1

− cψsi−1
sφsi−1

)
msi−1

g − TTsi−1
cθsi−1

cφsi−1

⎤
⎥⎥⎦

+

⎡
⎣ δxsi
δysi
δzsi

⎤
⎦−

⎡
⎣ δxsi−1

δysi−1

δzsi−1

⎤
⎦

(4)
for i = 1, · · · ,m with s0 = l. Following the developments
in [14] we define

1
msi

⎡
⎣ −TTsi

(
cψsi sθsi cφsi + sψsi sφsi

)
−TTsi

(
sψsi sθsi cφsi − cψsi sφsi

)
msi g − TTsi cθsi cφsi

⎤
⎦ =

⎡
⎣ γxsi
γysi
γzsi

⎤
⎦

−(g − γzsi)

⎡
⎣ cψsi sψsi 0

cψsi −cψsi 0

0 0 0

⎤
⎦
⎡
⎢⎢⎣
tθsi − tdθsi
tφsi

−tdφsi
cφsi
0

⎤
⎥⎥⎦

(5)
This is achieved with

TTsi =
msi (g−γzsi )
cθsi

cφsi

φdsi =
cθsi

(sψsi
γxsi

−cψsi γ
y
si

)

g−γzsi
θdsi =

cψsi
γxsi

+sψsi
γysi

g−γzsi

where γjsi , j = x, y, z are the new control inputs. Hence, the
closed-loop dynamics (4)-(5) takes the following form

ė1si = e2si

ė2si =

⎡
⎣ γxsi
γysi
γzsi

⎤
⎦−

⎡
⎣ γxsi−1

γysi−1

γzsi−1

⎤
⎦

−(g − γzsi)

⎡
⎣ cψsi sψsi 0

cψsi −cψsi 0

0 0 0

⎤
⎦
⎡
⎢⎢⎣
tθsi − tdθsi
tφsi

−tdφsi
cφsi
0

⎤
⎥⎥⎦

+(g − γzsi−1
)

⎡
⎣ cψsi−1

sψsi−1
0

cψsi−1
−cψsi−1

0

0 0 0

⎤
⎦
⎡
⎢⎢⎣
tθsi−1

− tdθsi−1

tφsi−1
−tdφsi−1

cφsi−1

0

⎤
⎥⎥⎦

+

⎡
⎣ δxsi
δysi
δzsi

⎤
⎦−

⎡
⎣ δxsi−1

δysi−1

δzsi−1

⎤
⎦

(6)
Each local controller has a disturbance estimator, to design
such an estimator we define the disturbance estimator error
as follows

ηsi = δTsi − δ̄Tsi tanh

(
δ̂Tsi − βsi(Ẋsi)

δ̄Tsi

)
(7)

where δ̄Tsi is an upper bound of the disturbance which is
assumed to be known, δ̂Tsi is the state of the disturbance
estimator which will be defined in the following as well as
the function βsi(Ẋsi). Thus, the time derivative of ηsi takes
the form

η̇si = Θsi

(
˙̂
δTsi −

∂βsi
∂Ẋsi

Ẍsi

)
(8)

where

Θsi =
1

δ̄Tsi

⎡
⎣ αxsi 0 0

0 αysi 0
0 0 αzsi

⎤
⎦

with αksi = δ̄2Tsi
− (k̇si − δksi)

2, k = x, y, z. The estimation
strategy is based on the Immersion and Invariance technique
[2] and its objective is to asymptotically drive ηsi to zero,
since in this case it follows that

lim
t→∞

[
δ̄Tsi tanh

(
δ̂Tsi − βsi(Ẋsi)

δ̄Tsi

)]
= δTsi (9)

In order to achieve the estimation objective ˙̂
δTsi and βsi(e

2
si)

are defined as follows

˙̂
δTsi =

1
msi

∂βsi
∂Ẋsi

⎡
⎣ −TTsi

(
cψsi sθsi cφsi + sψsi sφsi

)
−TTsi

(
sψsi sθsi cφsi − cψsi sφsi

)
msi g − TTsi cθsi cφsi

⎤
⎦

+δ̄Tsi tanh

(
δ̂Tsi

−βsi (Ẋsi )
δ̄Tsi

)
(10)

and

βsi(Ẋsi) = ΓsiẊsi (11)
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with Γsi a positive definite matrix. These definitions give the
following dynamics to the disturbance estimation error

η̇si = −ΘsiΓsiηsi (12)

Since Θsi is positive definite when

|δTsi | < δ̄Tsi

holds strictly, we can conclude that the estimation error
converges to zero.

Now, the local controllers can be defined as follows

⎡
⎣ γxsi
γysi
γzsi

⎤
⎦ =

⎡
⎢⎢⎢⎣

εxsi
2 tanh

(
2λ
x1
si

εxsi
e1xsi

)
+

εxsi
4 tanh

(
4λ
x2
si

εxsi
e2xsi

)
εysi
2 tanh

(
2λ
y1
si

εysi
e1ysi

)
+

εysi
4 tanh

(
4λ
y2
si

εysi
e2ysi

)
εzsi
2 tanh

(
2λ
z1
si

εzsi
e1zsi

)
+

εzsi
4 tanh

(
4λ
z2
si

εzsi
e2zsi

)
⎤
⎥⎥⎥⎦

−δ̄Tsi

⎡
⎢⎢⎢⎢⎢⎢⎣

tanh

(
δ̂xTsi

−βsi (ẋsi )
δ̄Tsi

)

tanh

(
δ̂y
Tsi

−βsi (ẏsi )
δ̄Tsi

)

tanh

(
δ̂zTsi

−βsi (żsi )
δ̄Tsi

)

⎤
⎥⎥⎥⎥⎥⎥⎦

(13)
where we have considered

e1si =
[
e1xsi e1ysi e1zsi

]�
e2si =

[
e2xsi e2ysi e2zsi

]�
δ̂Tsi =

[
δ̂xTsi

δ̂yTsi
δ̂zTsi

]�
Hence, the closed–loop dynamics (6)-(13) takes de following
form

ė1si = e2si

ė2si =

⎡
⎢⎢⎢⎣

εxsi
2 tanh

(
2λ
x1
si

εxsi
e1xsi

)
+

εxsi
4 tanh

(
4λ
x2
si

εxsi
e2xsi

)
εysi
2 tanh

(
2λ
y1
si

εysi
e1ysi

)
+

εysi
4 tanh

(
4λ
y2
si

εysi
e2ysi

)
εzsi
2 tanh

(
2λ
z1
si

εzsi
e1zsi

)
+

εzsi
4 tanh

(
4λ
z2
si

εzsi
e2zsi

)
⎤
⎥⎥⎥⎦

−

⎡
⎢⎢⎢⎢⎢⎢⎣

εxsi−1

2 tanh

(
2λ
x1
si−1

εxsi−1

e1xsi−1

)
εysi−1

2 tanh

(
2λ
y1
si−1

εysi−1

e1ysi−1

)
εzsi−1

2 tanh

(
2λ
z1
si−1

εzsi−1

e1zsi−1

)

⎤
⎥⎥⎥⎥⎥⎥⎦

−

⎡
⎢⎢⎢⎢⎢⎢⎣

εxsi−1

4 tanh

(
4λ
x2
si−1

εxsi−1

e2xsi−1

)
εysi−1

4 tanh

(
4λ
y2
si−1

εysi−1

e2ysi−1

)
εzsi−1

4 tanh

(
4λ
z2
si−1

εzsi−1

e2zsi−1

)

⎤
⎥⎥⎥⎥⎥⎥⎦

−(g − γzsi)PiVi + (g − γzsi−1
)Pi−1Vi−1

+ηsi − ηsi−1

(14)

where

Pi =

⎡
⎣ cψsi sψsi 0

cψsi −cψsi 0

0 0 0

⎤
⎦ ,

Pi−1 =

⎡
⎣ cψsi−1

sψsi−1
0

cψsi−1
−cψsi−1

0

0 0 0

⎤
⎦

Vi =

⎡
⎢⎢⎣
tθsi − tdθsi
tφsi

−tdφsi
cφsi
0

⎤
⎥⎥⎦ , Vi−1 =

⎡
⎢⎢⎣
tθsi−1

− tdθsi−1

tφsi−1
−tdφsi−1

cφsi−1

0

⎤
⎥⎥⎦

We are in position to state one of the results of this paper.
Proposition 1: Consider a multiagent system composed

of two quadrotors, one of them performing as the leader.
Assume that A1-A4 hold. Assume that each quadrotor has a
local attitude controller that drives the quadorotor’s attitude
to its desired reference faster than the bandwidth of the
desired translational movements. Then, there exists gains
εjl , λ

j1
l , λj2l , εjs1 , λj1s1 , λj2s1 j = x, y, z and positive definite

matrices Γl, Γs1 such that the leader-follower coordination
problem is locally solved.

Proof: From (14) it can be verified that, under the
assumption of fast local attitude controllers, the leader-
follower closed–loop dynamics is described by the following
equations

ė1l = e2l

ė2l =

⎡
⎢⎢⎢⎣

εxl
2 tanh

(
2λ
x1
l

εx
l
e1xl

)
+

εxl
4 tanh

(
4λ
x2
l

εx
l
e2xsi

)
εy
l

2 tanh
(

2λ
y1
l

εysi
e1ysi

)
+

εy
l

4 tanh
(

4λ
y2
l

εy
l

e2ysi

)
εzl
2 tanh

(
2λ
z1
l

εzsi
e1zsi

)
+

εzl
4 tanh

(
4λ
z2
l

εz
l
e2zl

)
⎤
⎥⎥⎥⎦

+ηl

ė1si = e2si

ė2si =

⎡
⎢⎢⎢⎣

εxsi
2 tanh

(
2λ
x1
si

εxsi
e1xsi

)
+

εxsi
4 tanh

(
4λ
x2
si

εxsi
e2xsi

)
εysi
2 tanh

(
2λ
y1
si

εysi
e1ysi

)
+

εysi
4 tanh

(
4λ
y2
si

εysi
e2ysi

)
εzsi
2 tanh

(
2λ
z1
si

εzsi
e1zsi

)
+

εzsi
4 tanh

(
4λ
z2
si

εzsi
e2zsi

)
⎤
⎥⎥⎥⎦

−

⎡
⎢⎢⎢⎣

εxl
2 tanh

(
2λ
x1
l

εx
l
e1xl

)
εy
l

2 tanh
(

2λ
y1
l

εy
l

e1yl

)
εzl
2 tanh

(
2λ
z1
l

εz
l
e1zl

)
⎤
⎥⎥⎥⎦

−

⎡
⎢⎢⎢⎣

εxl
4 tanh

(
4λ
x2
l

εx
l
e2xl

)
εy
l

4 tanh
(

4λ
y2
l

εy
l

e2yl

)
εzl
4 tanh

(
4λ
z2
l

εz
l
e2zl

)
⎤
⎥⎥⎥⎦

+ηs1 − ηl
(15)

together with the disturbance estimation error dynamics

η̇l = −ΘlΓlηl
η̇s1 = −Θs1Γs1ηs1

(16)

Note that the dynamics described by equations (15) and (16)
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can be written as a cascade system of the form

że = g(ze)
ẋe = f(xe) + h(ze)

with

ze =
[
ηl ηs1

]�
xe =

[
e1l e2l e1s1 e2s1

]�
h(ze) =

[
03×1 ηl 03×1 ηs1 − ηl

]�
Note that the interconnection term h(ze) satisfies the linear
growth condition [22] for cascade systems. Moreover, it can
be verified that, at least, locally g(ze) and f(xe) satisfy
the necessary and sufficient conditions to guarantee local
stability of the cascade system. This proves that the leader-
follower coordination problem is locally solved.

IV. REAL-TIME IMPLEMENTATION

A. Hardware setup

The hardware setup consists of the positioning system
from Optitrack, based on infrared cameras, and two quadro-
tors, see Figure 3. Each quadrotor has a control system based
on a Digital Signal Processor from Texas Instruments, an
inertial measurement unit (IMU) from Xsens and two WiFly
modules from Roving Networks. The positioning system
sends to each quadrotor the position of its center of gravity
as well as the emergency stop digital signal by means of the
TCP/IP protocol. The quadrotor leader sends the position of
its center of gravity as well as a synchronization signal to the
follower also by means of the TCP/IP protocol using a point
to point network. The Digital Signal Processors compute the
local nonlinear quadrotor controllers onboard.

Fig. 3. Leader-Follower implementation

B. Real time algorithm

The real time algorithm is based on the Giotto methodol-
ogy for embedded systems [13]. This methodology has been
already used to implement nonlinear quadrotor controller in

[10]. Here, we just plug the new tasks which are necessary
for the leader to broadcasts its position and the synchroniza-
tion signal and for the follower to receive both signals.

For the leader-follower scheme two modes are defined.
The mode 1 or star mode, this mode performs the initializa-
tion of all the sensors (positioning system, IMU) and the
communication between the leader and the follower. The
mode 2 also called Autonomous flight mode performs the
operation of the quadrotor in autonomous flight. In this mode,
the local control laws are computed and the communication
link between the leader and the follower is active. Both
modes are shown in Figure 4 and the description of the tasks
is presented in Table 1.

Task Input Output

t1 i1 Φ string format o1 Φ string format
t2 i2 Ω string format o2 Ω string format
t3 i4 X string format o3 X string format
t4 i5 X string format o4 X string format
t5 i8 X float format o6 Φd float format
t6 i10 Φd float format o7 PWM integer format
t7 i7 PWM analog signal o5 integer format
t8 i13 XL string format o9 X string format
t9 i14 bit o10 bit
t10 i15 bit o11 bit
t11 i16 bit o12 bit
t12 i17 bit o13 bit

Table 1. Input/output of each task.

In Table 1, t1 reads Euler Angles data from IMU, t2 reads
angular velocities from IMU, t3 reads Cartesian position
block one, t4 reads Cartesian position block two, t5 computes
the position control, t6 computes the attitude control, t7
monitors the emergency stop signal, t8 receives the leader
position, t9 synchronizes the IMU, t10 synchronizes the
WiFi communication, t11 synchronizes the leader and t12
synchronizes the clock.

Finally, the position is obtained at 60 Hz, the attitude
and rotational velocity are obtained at 120Hz, the leader
broadcast its position at 60Hz and the aerodynamic actuators
are refreshed at 400Hz.

V. EXPERIMENTAL RESULTS

In order to test the performance of the proposed coordina-
tion scheme we carried out two experiments. In the first one
the leader follows a continuous trajectory parameterized in
time with continuous first and second time derivatives. For
the second experiment the leader goes to three way points
without planning the references for velocity and acceleration.

The numerical values of the quadrotor helicopter parame-
ters are summarized in Table 2.1

1When it is not explicitly stated, we considered the same value for the
leader and the follower.
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Fig. 4. Giotto Model

Parameter Value Parameter Value

ml,ms1 (kg) 0.9, 1.120 � (m) 0.214
g (m/s2) 9.81 Ixx (kgm2) 0.002
Iyy (kgm2) 0.002 Izz (kgm2) 0.004

Table 2. Quadrotor helicopter parameters

For the first experiment the desired trajectory was defined
as the Bernoulli lemniscate, which parameterized with re-
spect to time is described by the following equations.

xd =
1.5 sin( tωt) cos( tωt)

1 + cos(tωt)2

yd =
1.5 sin( tωt)

1 + cos(tωt)2

zd = −3− 0.7 sin( tωt)

(17)

and the interagent distance vector defined by

αs,l =
[
2.4 1 0

]�
The parameters of the local controllers for the leader and the
follower are presented in Table 3.

Parameter Value Parameter Value

γxl , γ
x
s1 1.4, 1.2 δxl , δ

x
s1 1.5, 1.5

γyl , γ
y
s1 1.2, 1.4 δyl , δ

y
s1 3.0, 3.0

γzl , γ
z
s1 2.0, 2.0 δzl , δ

z
s1 2.0, 2.0

εxl , ε
x
s1 80, 80 δ̄xl , δ̄

x
s1 0.4, 0.05

εyl , ε
y
s1 80, 80 δ̄yl , δ̄

y
s1 0.4, 0.05

εzl , ε
z
s1 11, 11 δ̄zl , δ̄

z
s1 0.2, 0.02

λx1

l , λ
x1
s1 2.0, 2.0 λy1l , λ

y1
s1 2.0, 2.0

λx2

l , λ
x2
s1 4.0, 4.0 λy2l , λ

y2
s1 4.0, 4.0

Table 3. Controller parameters

Figure 5 presents the trajectory followed by the leader
while Figure 6 presents the trajectory traveled by the fol-
lower. As it can be observed the follower performs not as
well as the leader, this is because the position of the leader
is not as smooth as the signal computed from the desired
trajectory.
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Fig. 5. Leader
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Fig. 6. Follower

For the second experiment the waypoints where defined
as

W1 =
[
1.5 1.4 −0.4

]�
W2 =

[
0 1 −0.4

]�
W3 =

[
1 −0.5 −0.4

]�
Figure 7 shows the performance of the leader-follower coor-
dination scheme traveling through way points. Finally, Figure
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Fig. 7. Leader follower coordination traveling through way points.

8 shows a picture of the two quadrotors in flight.

VI. CONCLUSION

We have presented a decentralized real time implementa-
tion of a leader follower coordination scheme using quadro-
tors. The local stability properties of the resulting closed–
loop dynamics have been established. The performance of
the coordination scheme is verified experimentally.

REFERENCES

[1] Saifa Al-Hiddabi. Quadrotor control using feedback linearization
with dynamic extension. In Mechatronics and its Applications, 2009.
ISMA’09. 6th International Symposium on, pages 1–3. IEEE, 2009.

[2] A. Astolfi, D. Karagiannis, and R. Ortega. Nonlinear and Adaptive
Control with Applications. Communications and Control Engineering.
Springer, 2007.

[3] Ismail Bayezit and Baris Fidan. Distributed cohesive motion control
of flight vehicle formations. Industrial Electronics, IEEE Transactions
on, 60(12):5763–5772, 2013.

[4] Pedro Castillo, Rogelio Lozano, and Alejandro Dzul. Stabilization of
a mini rotorcraft with four rotors. IEEE Control Systems Magazine,
25(6):45–55, 2005.

242



Fig. 8. Leader follower coordination.

[5] Abbas Chamseddine, Youmin Zhang, Camille Alain Rabbath,
Cedric Join, and Didier Theilliol. Flatness-based trajectory plan-
ning/replanning for a quadrotor unmanned aerial vehicle. Aerospace
and Electronic Systems, IEEE Transactions on, 48(4):2832–2848,
2012.

[6] R. Castro D. A. Mercado and R. Lozano. Quadrotors flight formation
control using a leader-follower approach. In 2013 European Control
Conference (ECC), pages 3858–3863, 2013.

[7] Khac Duc Do. Formation tracking control of unicycle-type mobile
robots with limited sensing ranges. Control Systems Technology, IEEE
Transactions on, 16(3):527–538, 2008.

[8] Sergio Araujo Estrada, Eduardo Liceaga-Castro, and H Rodriguez-
Cortes. Nonlinear motion control of a rotary wing vehicle powered
by four rotors. In Electrical and Electronics Engineering, 2006 3rd
International Conference on, pages 1–6. IEEE, 2006.

[9] J Alexander Fax and Richard M Murray. Information flow and
cooperative control of vehicle formations. Automatic Control, IEEE
Transactions on, 49(9):1465–1476, 2004.

[10] J Rogelio Guadarrama-Olvera, José J Corona-Sánchez, and
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