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Abstract. This paper falls under the idea of introducing biomimetic
miniature air vehicles in ambient assisted living and home health appli-
cations. The concepts of active disturbance rejection control and flatness
based control are used in this paper for the trajectory tracking tasks in
the flapping-wing miniature air vehicle (FWMAV) time-averaged model.
The generalized proportional integral (GPI) observers are used to ob-
tain accurate estimations of the flat output associated phase variables
and of the time-varying disturbance signals. This information is used in
the proposed feedback controller in (a) approximate, yet close, cancela-
tions, as lumped unstructured time-varying terms, of the influence of the
highly coupled nonlinearities and (b) the devising of proper linear output
feedback control laws based on the approximate estimates of the string
of phase variables associated with the flat outputs simultaneously pro-
vided by the disturbance observers. Numerical simulations are provided
to illustrate the effectiveness of the proposed approach.

1 Introduction

The creation of flapping wing micro air vehicles (FWMAV) is a challenging prob-
lem. The potential benefits for insect-like flapping wing micro air vehicles are
numerous [1]. The hovering ability of insects, coupled with the ability for a quick
transition to forward flight, provide an ideal indoor/outdoor reconnaissance plat-
form for search and rescue, reconnaissance and surveillance and ambient assisted
living and home health, among others [2]-[8]. Indeed, this paper falls within a
project called “Improvement of the Elderly Quality of Life and Care through
Smart Emotion Regulation”. The long-term objective of the project is to find
solutions for improving the quality of life and care of ageing adults at home by
using emotion detection and regulation techniques. We believe that miniature
air vehicles at home settings are capable of including some sensors that capture
the mood of the ageing adults.

Different control methods have been found in the literature. Deng et al. devel-
oped in [9] a nominal state-space linear time-invariant model in hover through



Fig. 1.Coordinate systems and longitudinalmotion of FWMAVwith respect to the earth
frame

linear estimation. Also, a LQG controller was designed and compared with a PD
controller. A state feedback attitude controller control scheme using the sensor
output as feedback was designed by Schenato et al. [10]. Campolo et al. realized
in [11] a geometric approach to robust attitude estimation, derived from multiple
and possibly redundant bio-inspired navigation sensors, for attitude stabilization
of a micromechanical flying insect.

The use of time-averaging theory has been used within the control of FWMAV
because it helps to simplify the complex aerodynamics associated to the flapping
wings [12]-[13] because the aerodynamic forces and torques, generatedby thewings,
affect the behavior of the FWMAV only by their mean values since the dynam-
ics of the body are much slower than the flapping wings ones. Deng et al. pro-
vided a methodology to approximate the time-varying body dynamics caused by
the aerodynamic forces with time-invariant dynamics using averaging theory and
a biomimetic parametrization of wing trajectories [14]. Also, a Linear Quadratic
Gaussian (LQG) controller was designed which does not require the knowledge of
an accuratemodel for the insectmorphological parameters, such asmoment of iner-
tia andmechanical part’s sizes, nor an accuratemodel of the aerodynamics.Rifäı et
al. developed in [15] a bounded state feedback control of the forces and torques and
takes into account the saturation of the actuators driving the flapping wings and
Khan et al. realized in [16] a differential flatness based non-linear controller based
on the time-averaging theory for the control of the longitudinal dynamics of FW-
MAV.

Taking into consideration the highly nonlinear nature of the FWMAV, active
disturbance rejection control (ADRC) appears as an excellentmethodology for the
control of uncertain linear and nonlinear systems (see the work of Han [17] for the
initial theoretical aspects of this new area of research). The objective of ADRC
stems in the accurate estimation of the unknown part of the controlled system dy-



namics and proceed to cancel its effects in the feedback control law. Gao and its
coworkers have proposed new advances in controllers, including practical applica-
tions, in a similar manner to that of Han [18], [19].On the other hand, Sira-Ramı́rez
and its coworkers have contribute to the area emphasizing the use of generalized
proportional integral (GPI) observers [20]-[22].

In this line of action, in this article, we propose a robust observer-based linear
output feedback control scheme for the trajectory tracking tasks in the flapping-
wing miniature air vehicle time-averaged model. The linear observer-based con-
troller design approach rests on using highly simplified models of the inputs differ-
ential parameterizations, provided by the flatness property.Within the simplifica-
tion task proposed, only the order of integration of the subsystems and the con-
trol inputs, along with their associatedmatrix gains, are retained in full detail. All
the additive nonlinearities, including their state couplings and complexities, are re-
garded as, unstructured, time-varying signals that need to be online estimated, and
canceled, at the controller specification within an Active Disturbance Rejection
Control Scheme. After input gainmatrix cancelation, the resulting system consists
of pure integration (linear) perturbed systems with time-varying additive distur-
bances. A set of linear extended observers, here denominated asGPI observers, are
capable of accurate on-line estimations of: (1) the output related phase variables;
(2) the, state dependent, additive perturbation input signal itself; and (3) the es-
timation of a certain number of the perturbation input time derivatives. This last
feature facilitates the task of perturbation input prediction as GPI observers are
the most naturally applicable to the control of perturbed differentially flat nonlin-
ear systems [23]-[25].

The remainder of the article is structuredas follows: Section2presents theflapping-
wing miniature air vehicle time-averaged model and its flatness property. Addi-
tionally, this section proposes a simplified model of the system and formulates the
problem to be solved. Section 3 describes the active disturbance rejection controller
design and the results are applied for the stabilization and trajectory tracking prob-
lem of the time-averagedmodel for the flapping-wingminiature air vehicle. Section
4 presents the obtained simulation results and, finally, Section 5 is devoted for the
conclusions of this study and future works.

2 ProblemFormulation and Its Flatness Property

2.1 System Dynamics

Consider the following time-averaged model for the flapping-wing miniature air
vehicle (FWMAV) based on Newtonian approach derived in [16]:

ẋ = vxCθ + vzSθ (1)

ż = −vxSθ + vzCθ (2)

θ̇ = ω (3)

v̇x = −gSθ − ωvz + Fx (4)

v̇z = −gCθ + ωvx − Fz (5)

ω̇ = −Fx

E
(6)



whereSθ = sin θ,Cθ = cos θ, g is the gravity acceleration, (x, z) are the coordinates
of the center ofmass in the earth frame, θ represents the pitch angle, (vx, vz) express
the velocity of the body of the FWMAV in the body frame and ω is the angular
velocity of the body and (Fx, Fz) represent the aerodynamic forces. The constant
E = Ib

md , being Ib the moment of inertia of the body about the y axis of the body
frame,m is the mass and d denotes the distance from the axis of oscillation to the
center of mass of the body. Fig. 1 shows the coordinate systems and longitudinal
motion of the FWMAV with regard to the earth frame.

2.2 Flatness of the System

According to the theory of differential flatness [21], a dynamic system, ẋ = f(x,u),
with x ∈ R

n and u ∈ R
m, is said to be differentially flat if there exist,m, differen-

tially independent variables calledflat outputs (differentially independentmeaning
that they are not related by differential equations), which are functions of the state
vector and, possibly, of a finite number of time derivatives of the state vector (i.e.,
derivatives of the inputs may be involved in their definition), such that all system
variables (states, inputs, outputs, and functions of these variables) can, in turn, be
expressed as functions of the flat outputs and of a finite number of their time deriva-
tives. This parameterization establishes a one-to-onemapping from the states and
the inputs to the flat outputs.

The proposed system is differentially flat with flat outputs given by the coordi-
nates of the Huygens center of oscillation [22] given by:

F = x+ ESθ, L = z + ECθ (7)

Proposition 1. The flapping-wing miniature air vehicle given in (1)-(6) is differ-
entially flat, with flat outputs given by F and L, i.e., all system variables in (1)-(6)
can be differentially parameterized solely in terms of F , L, and a finite number of
their time derivatives.

Proof. If the equations given in (7) are differentiatedwith regard to time, we obtain
the first and second derivatives of the flat outputs:

Ḟ = ẋ+ EωCθ = vxCθ + vzSθ + EωCθ (8)

L̇ = ż − EωSθ = −vxSθ + vzCθ − EωSθ (9)

F̈ = ξSθ (10)

L̈ = g + ξCθ (11)

where ξ = − (
Fz − Eω2

)
is defined as a new virtual input vector. Upon operating

with (10) and (11) we achieve:

ξ =

√
F̈ 2 +

(
L̈− g

)2

; θ = arctan

(
F̈

L̈− g

)
(12)

Sθ =
F̈√

F̈ 2 +
(
L̈− g

)2
; Cθ =

L̈− g√
F̈ 2 +

(
L̈− g

)2
(13)



If the expressions (10) and (11) are differentiatedwith regard to time, it is obtained

F (3) = ξ̇Sθ + ξωCθ; L(3) = ξ̇Cθ − ξωSθ (14)

Rearranging terms in (14) yields

ξ̇ =
F̈F (3) +

(
L̈− g

)
L(3)

√
F̈ 2 +

(
L̈− g

)2
; ω = θ̇ =

F (3)
(
L̈− g

)
− L(3)F̈

F̈ 2 +
(
L̈− g

)2
(15)

Now, operating with (4) and (5) one obtains

vx = ẋCθ − żSθ = ḞCθ − L̇Sθ − Eω (16)

vz = ẋSθ + żCθ = Ḟ Sθ + L̇Cθ (17)

Combining (16) and (17) with (13) and (15), we conclude that vx and vz are also
functions of (Ḟ , L̇, F̈ , L̈, F (3), L(3)). On the other hand, differentiating expressions
(14) with regard to time and rearranging terms

F (4) = Sθ ξ̈ − ξCθ

E
Fx − ω2ξSθ + 2ξ̇ωCθ (18)

L(4) = Cθ ξ̈ +
ξSθ

E
Fx − ω2ξCθ − 2ξ̇ωSθ (19)

Similarly, upon operating with (18), it is achieved

ξ̈ = SθF
(4) + CθL

(4) + ω2ξ (20)

Fx =
−ECθ

ξ
F (4) +

ESθ

ξ
L(4) + 2

Eωξ̇

ξ
(21)

Finally, substituting (12), (13) and (15) into (20) shows that all the systemvariables
can be expressed as a function of (F,L) and their derivatives, proving that the flat
output vector composed by (F,L) constitute a flat output vector for system (1)-(6).

2.3 SimplifiedModel and Problem Formulation

On the basis of (20), we adopt the following simplified perturbed model for the
underlying FWMAV (18):

[
F (4)

L(4) =

[
Sθ − ξCθ

E

Cθ
ξSθ
E

]
︷︷

N (θ,ξ)

[
ξ̈
Fx

]
+

[
ϕF

ϕL

]
︷︷

ϕ(t)

(22)

whereϕ(t) = [ϕF , ϕL]
T involves state dependent expressions, the possibly unmod-

eled dynamics and external unknown disturbances affecting the system. We lump



all these uncertain terms into an unknown but uniformly absolutely bounded dis-
turbance input that needs to be on-line estimated by means of an observer and,
subsequently, canceled from the simplified system dynamics via feedback in order
to regulate the flat output vector, [F,L]T , towards the desired reference trajectories
[F ∗, L∗]T . Finally,the formulation of the problem is stated as follows:Given a de-
siredflat output vector of reference trajectories [F ∗, L∗]T , devise a linearmulti-input
output feedback controller for system (22) such that the flat output vector [F,L]T is
forced to track the given referenceflat output vector [F ∗ , L∗]T .This objectivemust be
achieved even in the presence of unknown disturbances and coupling nonlinearities,
represented by [ϕF , ϕL]

T .

3 GPI Observer-Based Active Disturbance Rejection
Controller

A GPI observer including a reasonable, self-updating, time-polynomial model is
considered for each unknown component disturbance input vector ϕ(t). For this
internal model, we use for each component ofϕ(t) an unspecified element of a fifth

order family of time-polynomials, denoted byϕ
(6)
1 (t) = [ϕ

(6)
1F , ϕ

(6)
1L ]

T = 0. TheGPI
observer based flat output feedback controller is devised as follows:

[
ξ̇
Fx

=
Sθ̂s

Cθ̂s

−EC
θ̂s

x̂is

ES
θ̂s

x̂is

]

︷︷
N−1(θ,ξ)

[
νF
νL

(23)

with

νF = −ϕ̂1Fs + [F ∗(t)](4) −
3∑

i=0

kF
i

(
F̂ (i)
s − [F ∗](i)

)

νL = −ϕ̂1Ls + [L∗(t)](4) −
3∑

i=0

kL
i

(
L̂(i)

s − [L∗](i)
)

(24)

where the quantities with subindex s are smoothing observer variables which are
carried out by means of the following clutching function, avoiding possible large
peaks in their high gain induced responses:

sf (t) =

{
1 for t > ε
sin8

(
πt
2ε

)
for t ≤ ε

(25)

with ε = 2 [s]. The design coefficients kFi and kLi , i = 0, 1, 2, 3, are chosen so that
the dominant characteristic polynomials are 4th-degreeHurwitz polynomials, i.e.,

pF (s) = s4 + kF
3 s3 + kF

2 s2 + kF
1 s+ kF

0 ∈ Hurwitz4(s)

pL(s) = s4 + kL
3 s

3 + kL
2 s

2 + kL
1 s+ kL

0 ∈ Hurwitz4(s) (26)

render an asymptotically, exponentially convergence of the flat output error vec-
tor, [eF , eL]

T = [F − F ∗, L − L∗]T , towards a small vicinity of the origin of the



tracking error phase space. Furthermore, the variables F̂ (j) = Fj and L̂(j) = Lj ,
j = 0, 1, . . . , 3 are generated by:

Ḟ0 = F1 + λF
8 (F − F0)

Ḟ1 = F2 + λF
7 (F − F0)

Ḟ2 = F3 + λF
6 (F − F0)

Ḟ3 = Sθ ξ̈ − ξCθ

E
Fx + ϕ1F + λF

5 (F − F0)

ϕ̇1F = ϕ2F + λF
4 (F − F0)

ϕ̇2F = ϕ3F + λF
3 (F − F0)

ϕ̇3F = ϕ4F + λF
2 (F − F0) (27)

ϕ̇4F = ϕ5F + λF
1 (F − F0)

ϕ̇5F = λF
0 (F − F0)

L̇0 = L1 + λL
8 (L− L0)

L̇1 = L2 + λL
7 (L− L0)

L̇2 = L3 + λL
6 (L− L0)

L̇3 = Cθ ξ̈ +
ξSθ

E
Fx + ϕ1L + λL

5 (L− L0)

ϕ̇1L = ϕ2L + λL
4 (L− L0)

ϕ̇2L = ϕ3L + λL
3 (L− L0)

ϕ̇3L = ϕ4L + λL
2 (L− L0)

ϕ̇4L = ϕ5L + λL
1 (L− L0) (28)

ϕ̇5L = λL
0 (L− L0)

where the design coefficients λF
i and λL

i , i = 0, 1, . . . , 8, are chosen so that the
reconstruction error dynamics dominant characteristic polynomials are 9th-degree
Hurwitz polynomials, i.e.,

pFo(s) = s9 + λF
8 s

8 + λF
7 s

7 + . . .+ λF
1 s+ λF

0 ∈ Hurwitz9(s)

pLo(s) = s9 + λL
8 s

8 + λL
7 s

7 + . . .+ λL
1 s+ λL

0 ∈ Hurwitz9(s) (29)

and their roots are located sufficiently far from the imaginary axis, in the left half
of the complex plane, then the trajectories of the flat output estimation error vec-
tor, [ẽF , ẽL]

T = [F − F0, L − L0]
T , and of its time derivatives, will converge to

a small neighborhood of the origin of the phase space of the observer estimation
error. The further away the roots are located in the left half of the complex plane,
the smaller the radius of the disk representing the neighborhood around the origin
of the estimation error phase space will be.



4 Numerical Simulations

Numerical simulations were carried out in order to verify the efficiency of the pro-
posed approach in terms of quick convergence of the tracking errors to a small
neighborhood of zero and smooth transient responses. The system parameters are:
m = 2.5 ·10−3 [kg] and Ib = 8.125 ·10−7 [kgm2].The flat output vector [F,L]T has
been designed to track the following reference trajectories:

F ∗ = R sin (At) + E sin (α(t)) (30)

L∗ = R [cos (At)− 1]− z0 +E cos (α(t)) (31)

where R = 7 [m], z0 = 0.5 [m], A = 2π/30 [rad/s] and α(t) = B1 sin (B2t) being
B1 = π/180 [rad] and B2 = 2π/30 [rad/s].

The time sampling used in all the simulations is T = 0.001 [s]. The observer
gains, {λF

8 , . . . , λ
F
0 } and {λL

8 , . . . , λ
L
0 } were selected by identifying, term by term,

the coefficients of the polynomials given in expression (29) with those of a desired

Hurwitz polynomial given by pobs(s) =
(
s2 + 2ζoωnos+ ω2

no

)4 · (s+ po), with
ωno = 15, ζo = 1.5 andpo = 15.Ontheother hand, the controller gains,{kF3 , . . . , kF0 }
and {kL3 , . . . , kL0 }, governing the dominant dynamics, were set by identifying, term
by term, the coefficients of the polynomials given in expression (26) with the Hur-

witz polynomial pcont(s) =
(
s2 + 2ζcωncs+ ω2

nc

)2
, with ωnc = 2, ζc = 1. Fig. 4a

and Fig. 4b illustrate the path tracking and the closed loop trajectories for the co-
ordinates of the center of mass (x, z) in the earth frame showing that the system
follows the desired trajectory in an accurate manner. On the other hand, Fig. 4c

Fig. 2.Evolution of: (a) Coordinate x of the center ofmass in the earth frame; (b)Coordi-
nate z of the center of mass in the earth frame; (c) State-dependent estimated disturbance
ϕF and; (d) State-dependent estimated disturbance ϕL



and Fig. 4d depict the evolution of the GPI observer state dependent disturbance
estimation.

5 Conclusions and FutureWork

This paper is related to the introduction of biomimeticminiature air vehicles in am-
bient assisted living and home health applications. Indeed, the proposal described
falls within the complete project“Improvement of the Elderly Quality of Life and
Care through Smart Emotion Regulation”. The long-term objective of the project
is to find solutions for improving the quality of life and care of the elderlywho can or
wants to continue living at home by using emotion detection and regulation tech-
niques.We believe thatminiature air vehicles at home settings can carry some fun-
damental sensors to capture the mood of the ageing adult.

In this way, this particular work has explored, within the context of the tra-
jectory tracking problem, the use of approximate, yet accurate, total active dis-
turbance rejection schemes, based on linear GPI observers, for the flapping-wing
miniature air vehicle time-averaged model. Numerical simulations were provided
where the efficiency of the proposed control method is assessed. Finally, in future
work, we try to extend this control scheme to the full 6 DOF flight dynamics.
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