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Abstract. This paper investigates the robust position and attitude guidance of a group of fully actuated multirotor aerial
vehicles equipped with fixed rotors and subject to bounded disturbances. To address the problem, we propose a hierarchi-
cal control architecture, in which a joint attitude-position flight control loop of each vehicle is nested inside the vehicle
guidance loop. The flight control of each vehicle is designed using a proportional derivative strategy, while a global slid-
ing mode strategy is adopted to robustly guide each vehicle in the presence of bounded disturbances. The latter ensures
the robustness of the system from the initial time instant. The method is evaluated via numerical simulations using a
formation of fully actuated hexacopters, showing to be effective and simple to implement and tune.

Keywords: multirotor aerial vehicle, global sliding mode control, formation guidance, nonlinear dynamics.

1 INTRODUCTION

Many applications of multirotor aerial vehicles (MAVs), such as surveillance (Saska et al., 2014) and agriculture
monitoring (Mogili and Deepak, 2018), seem to benefit from the use of fully actuated MAVs due to its fast disturbance
rejection (Jiang and Voyles, 2014) and independent attitude-position tracking. In general, a MAV has a reduced autonomy
and payload capacity, which make complex tasks to be more effectively performed if a fleet of these vehicles is used
instead. It turns out that flying a group of fully actuated MAVs in formation leads to a challenging control problem since
it demands an accurate tracking performance of each vehicle in the presence of model uncertainties and disturbances.

Different formation control strategies have been reported in the literature, including behavior-based methods (Balch
and Arkin, 1998), virtual structure techniques (Wang, 1991), and leader-follower schemes (Tan and Lewis, 1996). Among
these strategies, the sliding mode control (SMC) has attracted a significant amount of attention. It uses a high-frequency
switching control to drive the system output to the so-called sliding manifold, where the system ideally becomes insensi-
tive to bounded-matched parametric uncertainties and disturbances. However, in real systems, the designed performance
degrades due to the chattering phenomenon (Lee and Utkin, 2007), mainly caused by time discretization and unmod-
eled dynamics. The formation control of vehicles using first-order sliding mode techniques have been the subject of
some recent researches (Defoort et al., 2008; Dehghani and Menhaj, 2016; Thien and Kim, 2018). Particularly, Defoort
et al. (2008) implements a leader-follower approach to a formation of autonomous robots using an integral SMC (Utkin
and Shi, 1996), which guarantees the system insensitivity property during all time by enforcing a global sliding mode. In
the same manner, Dehghani and Menhaj (2016) also uses a leader-follower approach for a formation of fixed-wing un-
manned aircraft using an integral SMC, where the high-frequency control signal is filtered (by a first-order filter) to reduce
chattering at the cost of losing robustness with respect to discontinuous disturbances. Thien and Kim (2018) proposes a
decentralized formation control for a group of vehicles also using an integral SMC filtered by a first-order filter.

The present paper is concerned with the robust attitude-position tracking control of a formation of fully actuated
MAVs equipped with fixed rotors. A hierarchical control architecture is proposed, in which the flight control loop of each
MAV is nested inside its guidance loop. The flight control of each vehicle is designed using a proportional derivative
strategy, and, motivated by the possibility of collision avoidance between the MAVs and bounded disturbance rejection
during the whole movement, we design a guidance law based on a new global sliding mode control (GSMC). Differently
from (Utkin and Shi, 1996), the proposed GSMC is formulated using the tracking error dynamics calculated with respect
to a reference trajectory to eliminate the need for designing a time-varying sliding function. The formation attitude and
position reference trajectories are designed using a second-order polynomial S-curve connecting the formation initial and
desired poses. The remaining text is organized as follows. Subsection 1.1 presents the notation. Section 2 defines the
problem and states the control objective. Section 3 presents the methodology, including the flight controller, the guidance
law, and the formation reference trajectory shaping. Section 4 evaluates the method using numerical simulations. Finally,
Section 5 concludes the paper.
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1.1 NOTATION

Matrices and algebraic vectors are denoted, respectively, by uppercase and lowercase boldface letters, while geo-
metric (Euclidian) vectors are denoted as in ~a. A Cartesian coordinate system (CCS) is represented by the set Sb ,
{B; ~xb, ~yb, ~zb}, with B representing its origin, and ~xb , ~yb, and ~zb the unit geometric vectors along its orthogonal axes.
The algebraic vectors corresponding to the projection of an arbitrary physical vector ~a onto Sb and Sg are denoted by
ab ∈ R3 and ag ∈ R3, respectively. The relation between ag and ab is ab = Db/gag , where Db/g ∈ SO(3) is the attitude
matrix of Sb w.r.t. Sg . The inverse of Db/g , which coincides with its transpose, is denoted by D g/b. The identity matrix
of order n is denoted by In. Consider the algebraic vector ag , its Euclidean norm and component-wise absolute value are
denoted, respectively, by ||ag|| and |ag|. A null vector and a vector of ones of arbitrarily dimension n are denoted, respec-
tively, by 0n and 1n. The standard unit (algebraic) vectors are denoted by e1 , (1, 0, 0), e2 , (0, 1, 0), and e3 , (0, 0, 1).
Let ~a b/g represent am arbitrary relative physical quantity of Sb w.r.t. Sg , e.g., along the paper, ~r b/g will denote the (rel-
ative) position of Sb w.r.t. Sg . Finally, consider the Sg representations ag , (a1, a2, a3) and bg of ~a and ~b, respectively.
The vector product ~c = ~a×~b is represented in Sg by cg = [ag×]bg , where [ag×] is the following skew-symmetric matrix:

[ag×] ,

 0 −a3 a2

a3 0 −a1

−a2 a1 0

 . (1)

2 PROBLEM DEFINITION

Subsection 2.1 presents the position and attitude dynamic modeling of a fully actuated MAV equipped with fixed
rotors and Subsection 2.2 presents the formation description and states the control objective.

2.1 EQUATIONS OF MOTION

Consider a formation of n fully actuated MAVs with fixed rotors. Let us define a ground-fixed CCS Sg , {G; ~xg, ~yg, ~zg},
with G representing a known point on the ground, the ith MAV body-fixed CCS Si , {Bi; ~xi, ~yi, ~zi}, with Bi represent-
ing the ith MAV center of mass, and a formation reference CCS Sf , {F ; ~xf , ~yf , ~zf}, with F representing a formation
reference point.

Considering Sg as an inertial CCS, the position dynamic model of the ith MAV is immediately obtained from the
Newton’s second law, being described in Sg by

r̈ i/g
g = −ge3 +

1

mi
f c,i
g +

1

mi
f d,i
g , (2)

where r i/g
g ∈ R3 is the Sg representation of the ith MAV position, g ∈ R is the gravity acceleration, mi ∈ R is the ith

MAV mass, and f c,i
g ∈ R3 and f d,i

g ∈ R3 are the Sg representations of the control and disturbance forces, respectively.
The disturbance force f d,i

g is unknown, but we assume that it is bounded according to∣∣∣f d,i
g

∣∣∣ ≤ f i,max
g , (3)

where f i,max
g ∈ R3 is a given vector with positive components.

On the other hand, the attitude kinematics of Si with respect to Sg are described in SO(3) by

Ḋ
i/g

= −
[
ω

i/g
i ×

]
D i/g, (4)

where D i/g ∈ SO(3) and ωi/g
i ∈ R3 represent, respectively, the attitude and the Si representation of the angular velocity

of the ith MAV with respect to Sg.
Using the Euler’s equation, the attitude dynamics of the ith MAV are described in Si by

ḣ
i

i +
[
ω

i/g
i ×

]
hi
i = τ c,i

i + τ d,i
i , (5)

where hi
i is the Si representation of the ith MAV angular momentum with respect to Bi, while τ c,i

i ∈ R3 and τ d,i
i ∈ R3

are, respectively, the Si representations of the control and disturbance torques. The disturbance torque τ d,i
i is unknown,

but we assume that it is bounded according to∣∣∣τ d,i
i

∣∣∣ ≤ τ i,max
i , (6)
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where τ i,max
i ∈ R3 is given vector with positive components.

Neglecting the inertia properties of the spinning part of the rotors, the Si representation of the ith MAV angular
momentum can be expressed as

hi
i = Jiiω

i/g
i , (7)

where Ji
i ∈ R3×3 is the inertia matrix of the ith MAV with respect to Si.

By replacing Eq. (7) into (5), the ith MAV attitude dynamics can be rewritten as

ω̇
i/g
i =

(
Ji
i

)−1
[
Ji
iω

i/g
i ×

]
ω

i/g
i +

(
Jii
)−1

(
τ c,i
i + τ d,i

i

)
. (8)

2.2 CONTROL OBJECTIVE

Let us define the relative position and attitude of the ith MAV with respect to Sf , respectively, by

r i/f
f , D f/g

(
r i/g
g − r f/g

g

)
, (9)

D i/f , D i/g
(

D f/g
)T

, (10)

where D f/g and r f/g
g represent, respectively, the attitude and position of Sf with respect to Sg . In this sense, the formation

pose can be fully described by a set containing the pose of Sf with respect to Sg and the relative pose of all MAVs with
respect to Sf :

F(t) =
{

r f/g
g , Df/g,

{
r i/f
f , D i/f

}n

i=1

}
. (11)

Let Sf̌ and Sǐ denote the CCSs representing the desired orientation of Sf and Si, respectively. In the same manner,
the desired formation pose, can be represented by the desired values of the elements of F , i.e.,

F̌ =
{

ř f/g
g , Ďf/g

,
{

ř i/f
f , Ď i/f

}n

i=1

}
, (12)

where

ři/ff , rǐ/f̌
f̌

and Ďi/f
, Dǐ/f̌

are, respectively, the desired relative position and attitude of Sǐ with respect to Sf̌ , while

ř f/g
g , r f̌/g

g and Ďf/g
, Df̌/g

are, respectively, the desired relative position and attitude of Sf̌ with respect to Sg .
Figure 1 illustrates the actual and desired poses of a formation composed by n fully actuated hexacopters.

...

...

...

...

Figure 1. Schematic representation of a formation composed by n fully actuated hexacopters and its desired pose.

Given the definitions (11)–(12), the main problem of this paper can now be defined.

Problem 1. Design a flight control architecture to make F → F̌ robustly with respect to the bounded disturbance force
and torque.
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3 PROBLEM SOLUTION

Subsection 3.1 proposes a control architecture for a formation of fully actuated MAVs equipped with fixed rotors to
solve Problem 1. Subsection 3.2 presents the flight controller of each MAV. Subsection 3.3 derives the guidance law of
each MAV. Finally, Subsection 3.4 presents the formation reference trajectory shaping.

3.1 HIERARCHICAL CONTROL ARCHITECTURE

The present paper adopts the hierarchical flight control architecture shown in Fig. 2. A cascade control structure is
used for the ith MAV, where the flight control loop (inner loop i) is nested inside the guidance loop (outer loop i). In this
architecture, the formation reference trajectory shaping receives the desired formation pose “F , and outputs the reference

position trajectory “ri/gg and attitude trajectory “D
i/g

to the guidance of the ith MAV. The latter receives the feedback of

position, attitude, linear velocity, and angular velocity of the ith MAV to provide the commanded position r̄ i/g
g and attitude

D̄ i/g to the flight control. Lastly, the flight controller also receives the feedback of position, attitude, linear velocity, and
angular velocity of the ith MAV to generate the control force f i/gi and control torque τ i/g

i .

Flight
Control 

MA V n

Flight
Control 

MA V iGuidance
Form. Ref. 
Trajectory

Shaping

Guidance
Flight 

Control 
MA V 1

Guidance

outer loop 1 inner loop 1

inner loop i

inner loop n

outer loop i

outer loop n

......

......

Figure 2. Proposed hierarchical flight control architecture for a formation composed of n fully actuated MAVs.

In the proposed hierarchical control architecture, the flight control law is designed to stabilize the MAV dynamics,
while the guidance law is designed to guarantee the robustness of each MAV inner loop with respect to the bounded
disturbances. Regarding the formation reference trajectory shaping, consider the following assumption.

Assumption 1. The reference position trajectory “r i/g
g and attitude trajectory “D

i/g
belong to the class Ck, ∀k ≥ 1 and

connect the sets F(0) and F̌ .
Based on the proposed control architecture and Assumptions 1-, we can now divide Problem 1 into the following two

subproblems, which, when fulfilled guarantees the formation robustness with respect to the bounded disturbances during
all the time.

Subproblem 1.1. Design a flight control law to stabilize the ith MAV inner loop around r̄ i/g
g and D̄ i/g .

Subproblem 1.2. Design a guidance law to ensure
(
r i/g
g , D i/g

)
≡
(
“r i/g
g , “D

i/g)
, ∀t ≥ 0, in the presence of the bounded

force and torque disturbances.

Different control techniques can be used to solve Subproblem 1.1 (see, e.g., Silva and Santos, 2020), but specifically, in
this paper we adopt a proportional derivative (PD) approach. On the other hand, Subproblem 1.2 can be effectively solved
using a global sliding mode enabled by an adequate formation reference trajectory shaping satisfying Assumption 1.

As an important remark, consider the following assumption

Assumption 2. The reference position trajectories satisfies

‖“r i/g
g − “r j/g

g ‖ ≤ ε, ∀j = {1, . . . , n}\{i}, (13)
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where ε ∈ R is a given safe distance between the MAVs.

If the formation reference trajectory shaping also satisfies Assumption 2, then a global sliding mode also guarantees the
robustness of the system with respect to internal collisions during all the time. However, methods for fulfilling Assumption
2 are out of the scope of this paper and will appear in future work.

3.2 FLIGHT CONTROLLER

To stabilize the ith MAV, we adopt, respectively, the following PD position and attitude controllers

f c,ig = mi

(
ge3 + Ki

1

(
r̄ i/g
g − r i/g

g

)
−Ki

2ṙi/gg

)
, (14)

τ c,i
i = −

[
Ji
iω

i/g
i ×

]
ω

i/g
i + JiiK

i
3

(
p̄ i/g − pi/g

)
− Ji

iK
i
4ω

i/g
i , (15)

where Ki
j ∈ R3×3,∀j = 1, . . . , 4 are diagonal gain matrices, pi/g ∈ R3 is the modified Rodrigues parameters (MRP)

parameterizing Di/g , and p̄i/g ∈ R3 is the MRP parameterizing D̄i/g . The main advantage of using the MRP to represent
the attitude command is that it allows rotations of up to 360 degrees. We highlight that this choice is consistent with a
fully actuated MAV since it can perform larger angle maneuvers than an underactuated one.

The closed-loop dynamics, obtained by substituting (14) into (2) and (15) into (8), are given by

r̈ i/g
g = −Ki

1r i/g
g −Ki

2ṙ i/g
g + Ki

1r̄ i/g
g +

1

mi
f d,ig , (16)

ω̇
i/g
i = −Ki

3pi/g −Ki
4ω

i/g
i + Ki

3p̄i/g +
(
Jii
)−1

τ d,i
i . (17)

From Eqs. (16)–(17), one can show that, for bounded force and torque disturbances, the equilibrium point (r̄ i/g
g , p̄ i/g) ∈

R6 is stable, thus fulfilling Subproblem 1.1.

3.3 GLOBAL SLIDING MODE GUIDANCE

Let us define the ith MAV position error with respect to the reference position trajectory

r̃ i/g , “r i/g
g − r i/g

g . (18)

The position error dynamic model is obtained by differentiating (18) twice and substituting (16) in the resulting expression,
being given by

¨̃r i/g =
d2

dt2
“r i/g
g + Ki

1r i/g
g + Ki

2ṙ i/g
g −Ki

1r̄ i/g
g − 1

mi
f d,ig . (19)

Let us also define the ith MAV attitude and angular velocity errors with respect to the reference attitude trajectory,
denoted respectively by D̃

i ∈ SO(3) and ω̃ i ∈ R3, as

D̃
i
, Di/“i, (20)

ω̃i , ωi/“i
i , (21)

where “i refers to the CCS representing the desired orientation for Si.
The control errors D̃

i
and ω̃i can be put in the form (Ricardo Jr and Santos (2020))

D̃
i

= Di/g
(

“D
i/g
)T

, (22)

ω̃i = ω
i/g
i − D̃

i
“ω i/g
i , (23)

where “ω i/g
i is the angular velocity of the reference trajectory.

From (22)–(23), the attitude error kinematics can be described in the same form as the full kinematics in (4), i.e.,

˙̃Di = −
[
ω̃i×

]
D̃

i
. (24)

We choose to parameterize D̃
i
, using the MRP (Markley and Crassidis, 2014)

p̃i , ε̃i tan(ϑ̃i/4), (25)
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where ε̃i ∈ R3 and ϑ̃i ∈ R are, respectively, the principal Euler axis and angle corresponding to D̃
i
.

From (25), one can see that the MRP vector is singular at the angles ϑ̃i = ±(2z + 2)π rad, ∀z ∈ N. However, since
the proposed attitude parameterization represents the attitude control error (not the full attitude), an effective design of the
guidance law will keep ϑ̃i smaller than 2π and singularities are not reached in practice.

The attitude error kinematics can be described using the MRP as

˙̃pi =
1

4

((
1− ‖p̃i‖2

)
I3 + 2

[
p̃i×

]
+ 2p̃i

(
p̃i
)T
)
ω̃i. (26)

The attitude error dynamics are obtained by differentiating (23) and substituting the closed-loop attitude dynamics
(17) and the attitude error kinematics (24) in the resulting expression, being given by

˙̃ωi = −Ki
3pi/g −Ki

4ω
i/g
i + Ki

3p̄i/g +
(
Jii
)−1

τ d,i
i − D̃

i
“̇ωi/g
i +

[
ω̃i×

]
D̃

i
“ωi/g
i . (27)

Now, let us put the attitude error kinematics (26) and the error dynamics (19) and (27) into the simpler form

ẋi1 = f1(xi1, x
i
2), (28)

ẋi2 = f2(xi1, x
i
2) + Biui + Gidi, (29)

by defining xi
1 ,

(
r̃ i/g, p̃i

)
, xi2 ,

(
˙̃r i/g, ω̃i

)
, ui ,

(
r̄ i/g
g , p̄ i/g

)
, di ,

(
f d,i
g , τ d,i

i

)
,

f1(xi1, x
i
2) ,

 ˙̃r i/g

1
4

((
1− ‖p̃i‖2

)
I3 + 2

[
p̃i×

]
+ 2p̃i

(
p̃i
)T
)
ω̃i

 ,
f2(xi1, x

i
2) ,

[
d2

dt2
“r i/g
g + Ki

1ri/gg + Ki
2ṙi/gg

−Ki
3pi/g −Ki

4ω
i/g
i − D̃

i
“̇ωi/g
i +

[
ω̃i×

]
D̃

i
“ωi/g
i

]
,

Bi ,

[
−Ki

1 03×3

03×3 Ki
3

]
,

Gi ,

[
−I3/mi 03×3

03×3

(
Jii
)−1

]
.

From the disturbance force and torque bounds, respectively defined in (3) and (6), the disturbance vector is bounded
according to∣∣di

∣∣ ≤ di,max, (30)

where di,max ,
(

f i,max
g , τ i,max

i

)
∈ R6.

Let we define the sliding variable si ∈ R6 of the ith MAV as

si , xi
1 + f1

(
xi1, x

i
2

)
, (31)

and the corresponding global sliding surface

Si ,
{(

xi1, xi2
)
∈ R6 : si = 06,∀t ≥ 0

}
. (32)

By differentiating (31) and using (28)–(29), we can obtain the dynamic equation of si (we omit the function inde-
pendent variables for simplicity) as

ṡi = f1 +
∂f1
∂x1

f1 +
∂f1
∂x2

f2 +
∂f1
∂x2

Biui +
∂f1
∂x2

Gidi. (33)

The following lemma gives a multi-input SMC law that enforces a global sliding mode of system (28)–(29) on Si.

Lemma 1. The control law

ui = −
(
∂f1
∂xi2

Bi

)−1(
f1 +

∂f1
∂xi

1

f1 +
∂f1
∂xi2

f2 + Kisign(si)
)
, (34)

where Ki ∈ R6×6 is a constant diagonal gain matrix satisfying

Ki16 =

∣∣∣∣ ∂f1
∂xi2

Gi

∣∣∣∣di,max + δi, (35)
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with δi ∈ R6 representing a given vector with positive components, guarantees the global sliding mode of system (28)–
(29) on Si.

Proof. Consider the Lyapunov function candidate V (si) = 0.5(si)Tsi. From Assumption 1, the system (28)–(29) is
already on the sliding surface at t = 0 s. Then, to prove the global sliding mode of the system (28)–(29) on Si it is
sufficient to show that V̇ < 0, ∀si 6= 06. Differentiating V (si), substituting (33)–(34), and choosing Ki according to (35),
we can obtain

V̇ (si) = −(si)T

(
Kisign(si)− ∂f1

∂xi
2

Gidi

)
,

= −
∣∣(si)T

∣∣ diag(sign(si))
(

Kisign(si)− ∂f1
∂xi

2

Gidi

)
,

= −
∣∣(si)T

∣∣ (Ki16 − diag(sign(si))
∂f1
∂xi

2

Gidi

)
,

≤ −
∣∣(si)T

∣∣ (∣∣∣∣ ∂f1
∂xi2

Gi

∣∣∣∣di,max + δi − I6

∣∣∣∣ ∂f1
∂xi2

Gi

∣∣∣∣di,max

)
,

≤ −
∣∣(si)T

∣∣ δi < 0, ∀si 6= 06,

to prove the global sliding mode of system (28)–(29) on Si.

3.4 FORMATION REFERENCE TRAJECTORY SHAPING

This section proposes a formation reference trajectory shaping based on a second-order polynomial S-curve model.
The trajectories connect the formation initial pose F(0) to the desired formation set F̌ , thus fulfilling Assumption 1, and
contain three sequential phases: acceleration, cruise, and deceleration.

Let us define the following states

zi1 , “r f/g
g − r f/g

g (0), (36)

zi2 , “r i/f
g − r i/f

g (0), (37)

zi3 , αi/“i, (38)

where αi/“i ∈ R3 is any three-dimensional attitude parameterization of the attitude error D i/g(0)“D
g/i

.
The states zij , ∀j = 1, . . . , 3, receive as parameters the trajectory time period tj and the desired displacements

zi1(t1) , řf/gg − rf/gg (0), zi2(t2) , ři/fg − ri/fg (0), and zi3(t3) , αi/ǐ. The time instants t1, t2, and t3 represent,
respectively, the time of the formation position trajectory, the time to achieve the desired formation shape, and the vehicles
attitude trajectory time.

For simplicity, we consider that the acceleration, cruise, and deceleration phases have the same duration. In this
sense, the second time derivative of the states z̈ij , ∀j = 1, . . . , 3 are given by the following piece-wise constant function

z̈ i
j =


z̈ i,max
j , 0 ≤ t < tj/3

03, tj/3 ≤ t < 2tj/3

−z̈ i,max
j , 2tj/3 ≤ t ≤ tj

(39)

where z̈ i,max
j is the maximum acceleration, calculated from z̈ i,max

j = 4.5zij(tj)/t2j . Figure 3 shows the motion profile of
the first component of zij .

-

Figure 3. Second-order polynomial S-curve trajectory with equal duration phases.
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The reference position and attitude trajectory of the ith MAV are calculated from the states zij , respectively as

“ri/gg = zi1 + zi2 + ri/gg (0), (40)

“D
i/g

=
(

Di/“i
)T

Di/g(0), (41)

where Di/“i is the attitude matrix calculated from the chosen three-dimensional attitude parameterization αi/“i.
We highlight that the presented methodology is easy to implement since the reference trajectories are analytically

calculated from the integration of (39).

4 NUMERICAL SIMULATION

To perform the simulational study, the proposed methodology is applied to a formation of non-planar fully actuated
hexacopters equipped with fixed rotors. The simulation, coded in MATLAB, is performed using a time step of 0.001 s and
uses the Euler integration method. The actuator dynamics are implemented in the simulation and are a relevant source of
chattering in sliding mode controllers.

The formation is composed by three identical MAVs and its parameters are presented in Table 1, where α̌i/f ,

(φ̌ i/f , θ̌ i/f , ψ̌ i/f ) is the 123 Euler angles attitude parameterizing Ďi/f
.

Table 1. Formation parameters.

Description Symbol Value

Desired position of Sf w.r.t.Sg řf/gg (4, 6, 10) m

Desired attitude of Sf w.r.t. Sg Ďf/g I3
Desired position of MAV-1 w.r.t. Sf ř1/ff (0, 0, 0) m

Desired position of MAV-2 w.r.t. Sf ř2/ff (1.4142, −1.4142, 0) m

Desired position of MAV-3 w.r.t. Sf ř3/ff (−2, 0, 0) m

Desired attitude of the ith MAV w.r.t. Sf in 123 Euler angles α̌i/f (20, 5, 10) deg

The ith MAV has a total mass mi = 1 kg, arm length of 0.5, and inertia matrix Jii = diag(0.015, 0.015, 0.015)

kgm2. The vehicles initial positions are r1/g
g = (0, 0, 0) m , r2/g

g = (−1, −1, 0) m , and r3/g
g = (−2, −2, 0) m. The

duration of the formation position trajectory is t1 = 9 s. The time to obtain the formation shape is t2 = 3 s and the MAVs
attitude trajectory duration is t3 = 5 s. In this sense, the MAVs will obtain a delta-shaped formation at t = 3 s and keep it
along the whole position trajectory. Moreover, the ith MAV is subjected to the disturbance di = νcos (t+ (i− 1)π/2),
where ν , (−0.6, 0.5, −0.4, −0.1, 0.08, −0.05).

The GSMC gain matrix of each MAV is Ki = diag(1.32, 1.1, 0.88, 17.33, 13.33, 10.67). On the other hand, the
PD flight controller gain matrices of each MAV are Ki

1 = I3, Ki
2 = 2I3, Ki

3 = 3I3, and Ki
4 = 3I3.

Figure 4 shows, in plot (a), the formation path, the formation shape at the time instants 0, 3, 6, and 9 s along with
circles representing the MAVs size, while plot (b) shows the norm of the relative position between MAV 1 and MAVs 2
and 3, denoted, respectively, by r1/2

g and r1/3
g . It can be seen that the formation shape is obtained at t = 3 s and maintained

during the rest of the movement.
Figure 5 shows the position plots for the MAV 2. It shows the MAV position tracking performance, the position

command, and the control force. In the plots, we see a precise tracking of the position reference trajectory with no
relevant chattering and the high-frequency position command and control force. On the other hand, Fig. 6 shows the
attitude plots for the MAV 2. It shows the attitude tracking performance, the attitude command, and the control torque.
In the plots, we see an oscillatory motion of the attitude variables around the reference trajectory and the high-frequency
attitude command and control torque. Chattering is more evident in Fig. 6 (a) than in Fig. 5 (a) since the attitude
dynamics are faster than the position dynamics, being more influenced by the discretization process and the actuator
unmodeled dynamics.
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(a) (b)
Figure 4. Formation plots. (a): Formation path, formation shape at the time instants 0, 3, 6, and 9 s along with circles

representing the MAVs size. (b): Norm of the relative position between MAV 1 and MAVs 2 and 3.

(a) (b) (c)
Figure 5. Position plots of MAV 2. (a): Position tracking performance. (b) Position command. (c) Control force.

(a) (b) (c)
Figure 6. Attitude plots of MAV 2. (a): Attitude tracking performance. (b) Attitude command. (c) Control torque.

5 CONCLUSIONS

This paper solved the position and attitude tracking problem for a general formation of fully actuated MAVs equipped
with fixed rotors using a guidance law, based on a global SMC that guarantees the robustness of each MAV with respect
to bounded disturbances during all the time. The global sliding mode existence is proved using Lyapunov stability theory.
Moreover, the proposed formation reference trajectory shaping allows specifying the time duration of the formation posi-
tion and attitude trajectories, as well as the trajectory time duration needed to achieve the formation shape from an initial
condition. A simulation example showed the effectiveness and promising performance of the method.
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